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1.1 

Introduction 

During the past 40 years, light-emitting diodes (LEDs) have undergone a signifi¬ 
cant development. The first LEDs emitting in the visible wavelength region were 
based on GaAsP compound semiconductors with external efficiencies of only 
0.2%. Today, the external efficiencies of red LEDs based on AlGalnP exceed 
50%. AlGalnP semiconductors are also capable of emitting at orange, amber, 
and yellow wavelengths, albeit with lower efficiency. Semiconductors based on 
AlGalnN compounds can emit efficiently in the UV, violet, blue, cyan, and 
green wavelength range. Thus, all colors of the visible spectrum are now covered 
by materials with reasonably high efficiencies. This opens the possibility to use 
LEDs in areas beyond conventional signage and indicator applications. In partic¬ 
ular, LEDs can now be used in high-power applications thereby enabling the re¬ 
placement of incandescent and fluorescent sources. LED lifetimes exceeding 
> 10 5 h compare favorably with incandescent sources (~ 500 h) and fluorescent 
sources (~ 5000 h), thereby contributing to the attractiveness of LEDs. 

Inorganic LEDs are generally based on p-n junctions. However, in order to 
achieve high internal quantum efficiencies, free carriers need to be spatially con¬ 
fined. This requirement has led to the development of heterojunction LEDs con¬ 
sisting of different semiconductor alloys and multiple quantum wells embedded 
in the light-emitting active region. The light-extraction efficiency, which measures 
the fraction of photons leaving the semiconductor chip, is strongly affected by the 
device shape and surface structure. For high internal-efficiency active regions, the 
maximization of the light-extraction efficiency has proven to be the key to high- 
power LEDs. 

This chapter reviews important aspects of inorganic LED structures. Section 1.2 
introduces the basic concepts of optical emission. Band diagrams of direct and 
indirect semiconductors and the spectral shape of spontaneous emission will 
be discussed along with radiative and nonradiative recombination processes. 
Spontaneous emission can be controlled by placing the active region in an optical 


Organic Light Emitting Devices. Synthesis, Properties and Applications. 
Edited by Klaus Mullen and Ullrich Scherf 

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN 3-527-31218-8 



2 


7 Inorganic Semiconductors for Light-emitting Diodes 


cavity resulting in a substantial modification of the LED emission characteristics. 
Theory and experimental results of such resonant-cavity LEDs (RCLEDs) are dis¬ 
cussed in Section 1.3. The electrical characteristics of LEDs, to be discussed in 
Section 1.4, include parasitic voltage drops and current crowding phenomena 
that result in nonuniform light emission and shortened device lifetimes. Due 
to total internal reflection at the surfaces of an LED chip, the light-extraction ef¬ 
ficiency in standard devices is well below 100%. Section 1.5 discusses techniques 
such as chip shaping utilized to increase the extraction efficiency. A particular 
challenge in achieving efficient LEDs is the minimization of optical absorption 
processes inside the semiconductor. This can be achieved by covering absorbing 
regions, such as lower-bandgap substrates, with highly reflective mirrors. Such 
mirrors should have omnidirectional reflection characteristics and a high angle- 
integrated, TE-TM averaged reflectivity. A novel electrically conductive omnidirec¬ 
tional reflector is discussed in Section 1.6. Section 1.7 reviews the current state of 
the art in LED packaging including packages with low thermal resistance. 


1.2 

Optical Emission Spectra 


The physical mechanism by which semiconductor light-emitting diodes (LEDs) 
emit light is spontaneous recombination of electron-hole pairs and simultaneous 
emission of photons. The spontaneous emission process is fundamentally differ¬ 
ent from the stimulated emission process occurring in semiconductor lasers and 
superluminescent LEDs. The characteristics of spontaneous emission that deter¬ 
mine the optical properties of LEDs will be discussed in this section. 

The probability that electrons and holes recombine radiatively is proportional to 
the electron and hole concentrations, that is, R & n p. The recombination rate per 
unit time per unit volume can be written as 


d n dp 

d t d t 


= Bnp 


(i.i) 


where B is the bimolecular recombination coefficient, with a typical value of 
1CT 10 cm 3 /s for direct-gap III—V semiconductors. 

Electron-hole recombination is illustrated in Fig. 1.1. Electrons in the conduc¬ 
tion band and holes in the valence band are assumed to have the parabolic disper¬ 
sion relations 


E = E c + 


h 2 k 2 
2 m* 


and 


h 2 k 2 
2 ml 


(for electrons) 


( 1 . 2 ) 


E = E 


(for holes) 


(1.3) 
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Fig. 1.1 Parabolic 
electron and hole 
dispersion relations 
showing “vertical” 
electron-hole recom¬ 
bination and photon 
emission. 



where m* and m h * are the electron and hole effective masses, h is Planck's con¬ 
stant divided by 2 ji, k is the carrier wave number, and £ v and E c are the valence 
and conduction band-edge energies, respectively. 

The requirement of energy and momentum conservation leads to further in¬ 
sight into the radiative recombination mechanism. It follows from the Boltzmann 
distribution that electrons and holes have an average kinetic energy of kT. Energy 
conservation requires that the photon energy is given by the difference between 
the electron energy, E e , and the hole energy, E h , i. e. 

hv = E e - Eh^Eg (1.4) 


The photon energy is approximately equal to the bandgap energy, E g , if the ther¬ 
mal energy is small compared with the bandgap energy, that is, kT « E g . Thus 
the desired emission wavelength of an LED can be attained by choosing a semi¬ 
conductor material with appropriate bandgap energy. For example, GaAs has a 
bandgap energy of 1.42 eV at room temperature resulting in infrared emission 
of 870 nm. 

It is helpful to compare the average carrier momentum with the photon mo¬ 
mentum. A carrier with kinetic energy kT and effective mass m' k has the momen¬ 
tum 


p = m' k v = 



- m*v 2 = V2 m k kT 
2 


(1.5) 


The momentum of a photon with energy E g can be obtained from the de Broglie 
relation 


p = Hk = hv / c = Eg / c (1.6) 

Calculation of the carrier momentum (using Eq. (1.5)) and the photon momen¬ 
tum (using Eq. (1.6)) yields that the carrier momentum is orders of magnitude lar- 
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ger than the photon momentum. Therefore the electron momentum must not 
change significantly during the transition. The transitions are therefore “vertical” 
as shown in Fig. 1.1, i. e. electrons recombine with only those holes that have the 
same momentum or k value. 

Using the requirement that electron and hole momenta are the same, the 
photon energy can be written as the joint dispersion relation 


, h 2 k 2 h 2 k 2 h 2 k 2 

hv = E c + -- - Ey + -—x- = E a + 


2 ml 


2 mi 


2 m2 


(1.7) 


where m* is the reduced mass given by 

11 1 

m* ml ml 


( 1 . 8 ) 


Using the joint dispersion relation, the joint density of states can be calculated 
and one obtains 



1 

2 JT 2 



^Je 


(1.9) 


The distribution of carriers in the allowed bands is given by the Boltzmann dis¬ 
tribution, i. e. 


/ b (F) = e- £ /( feT ) (1.10) 

The emission intensity as a function of energy is proportional to the product of 
Eqs. (1.9) and (1.10), 

1(E) oc Je - E g e~ E K kl "> (1.11) 

The emission lineshape of an LED, as given by Eq. (1.11), is shown in Fig. 1.2. 
The maximum emission intensity occurs at 

E = E g + \kT (1.12) 

The full width at half maximum of the emission is given by 


AE = l.SkT (1.13) 

For example, the theoretical room-temperature linewidth of a GaAs LED emitting 
at 870 nm is A E = 46 meV or AX = 28 nm. 

The spectral linewidth of LED emission is important in several respects. First, 
the linewidth of an LED emitting in the visible range is relatively narrow com¬ 
pared with the range of the entire visible spectrum. The LED emission is even 
narrower than the spectral width of a single color as perceived by the human 
eye. For example, red colors range from 625 to 730 nm, which is much wider 
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Eg + kT/2 Energy E 


Fig. 1.2 Theoretical emission spectrum of an LED. The full width at half maximum (FWHM) of 
the emission line is 1.8 l<T 


than the typical emission spectrum of an LED. Therefore, LED emission is per¬ 
ceived by the human eye as monochromatic. 

Secondly, optical fibers are dispersive, which leads to a range of propagation ve¬ 
locities for a light pulse comprising a range of wavelengths. The material disper¬ 
sion in optical fibers limits the “bit rate X distance product” achievable with LEDs. 
The spontaneous lifetime of carriers in LEDs in direct-gap semiconductors typi¬ 
cally is of the order of 1-100 ns depending on the active region doping concen¬ 
tration (or carrier concentrations) and the material quality. Thus, modulation 
speeds up to 1 Gbit/s are attainable with LEDs. 

A spectral width of 1.8 kT is expected for the thermally broadened emission. 
However, due to other broadening mechanisms, such as alloy broadening (i. e. 
the statistical fluctuation of the active region alloy composition), the spectral 
width at room temperature in III-V nitride LEDs can be broader, typically (3 to 
8 )kT. Experimental evidence shown in Fig. 1.3 supports the use of a Gaussian 
function to describe the spectral power density function of an LED. Therefore, 


P(A) = P 


0\[Tk 


exp 


1 //1 A p ea i< 

2 V o~ 


(1.14) 


where P is the total optical power emitted by the LED. Inspection of Fig. 1.3 in¬ 
deed reveals that the Gaussian curve is a very good match for the experimental 
emission spectrum. Giving the line widths in terms of units of kT is very useful 
as it allows for convenient comparison with the theoretical line width of 1.8 kT. 

The emission spectra of an AlGalnP red, a GalnN green, and a GalnN blue 
LED are shown in Fig. 1.4. The LEDs shown in Fig. 1.4 have an active region com¬ 
prised of a ternary or quaternary alloy, e. g. Ga^In^N. In this case, alloy broaden¬ 
ing leads to spectral broadening that goes beyond 1.8 kT. Alloy broadening due to 
inhomogeneous distribution of In in the active region of green Ga^InJM LEDs 
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Fig. 1.3 Theoretical emis¬ 
sion spectrum of a semi¬ 
conductor exhibiting sub¬ 
stantial alloy broadening. 
The full width at half 
maximum (FWHM) is 
related to the standard 
deviation (cr) by the equa¬ 
tion shown in the figure. 



Fig. 1.4 Emission spectrum ofAlGalnP/GaAs red, GalnN/GaN green, GalnN/GaN blue, GalnN/ 
GaN Uy and AlGaN/AlGaN deep UV LEDs at room temperature (adopted from refs. [3-5]). 


can cause linewidths as wide as 10 kT at room temperature [1]. It should be noted, 
however, that a recent study found inhomogeneous strain distribution in GalnN 
quantum wells as a result of electron damage during TEM experiments [2]. It was 
concluded that the damage might lead to a “false” detection of In-rich clusters in 
a homogeneous quantum-well structure. 

Efficient recombination occurs in direct-gap semiconductors. The recombina¬ 
tion probability is much lower in indirect-gap semiconductors because a phonon 
is required to satisfy momentum conservation. The radiative efficiency of indirect- 
gap semiconductors can be increased by isoelectronic impurities, e. g. N in GaP. 
Isoelectronic impurities can form an optically active deep level that is localized in 
real space (small Ax) but, as a result of the uncertainty relation, delocalized in k 
space (large A k), so that recombination via the impurity satisfies momentum con¬ 
servation. 

During nonradiative recombination, the electron energy is converted to vibra¬ 
tional energy of lattice atoms, i. e. phonons. There are several physical mechan- 









































































1.3 Resonant-cavity-enhanced Structures 


7 


isms by which nonradiative recombination can occur with the most common 
ones being recombination at point defects (impurities, vacancies, interstitials, 
antisite defects, and impurity complexes) and at spatially extended defects 
(screw and edge dislocations, cluster defects). The defects act as efficient recom¬ 
bination centers (Shockley-Read recombination centers) in particular, if the en¬ 
ergy level is close to the middle of the gap. 


1.3 

Resonant-cavity-enhanced Structures 

Spontaneous emission implies the notion that the recombination process occurs 
spontaneously, that is without a means to influence this process. In fact, sponta¬ 
neous emission has long been believed to be uncontrollable. However, research 
in microscopic optical resonators, where spatial dimensions are of the order of 
the wavelength of light, showed the possibility of controlling the spontaneous 
emission properties of a light-emitting medium. The changes of the emission 
properties include the spontaneous emission rate, spectral purity, and emission 
pattern. These changes can be employed to make more efficient, faster, and 
brighter semiconductor devices. The changes in spontaneous emission character¬ 
istics in resonant-cavity (RC) and photonic-crystal (PC) structures were reviewed 
by Joannopoulos et al. [6]. 

Resonant-microcavity structures have been demonstrated with different active 
media and different microcavity structures. The first resonant-cavity structure 
was proposed by Purcell (1946) for emission frequencies in the radio frequency 
(rf) regime [7]. Small metallic spheres were proposed as the resonator medium. 
However, no experimental reports followed Purcells theoretical publication. In 
the 1980s and 1990s, several resonant cavity structures have been realized with 
different types of optically active media. The active media included organic 
dyes [8, 9], semiconductors [10, 11], rare-earth atoms [12, 13], and organic poly¬ 
mers [14, 15]. In these publications, clear changes in spontaneous emission 
were demonstrated including changes in spectral, spatial, and temporal emission 
characteristics. 

The simplest form of an optical cavity consists of two coplanar mirrors sepa¬ 
rated by a distance L cav , as shown in Fig. 1.5. About one century ago, Fabry and 
Perot were the first to build and analyze optical cavities with coplanar reflectors 


Fig. 1.5 Schematic illustration of a resonant 
cavity consisting of two metal mirrors with 
reflectivity R ^ and R 2 . The active region has a 
thickness /-active and an absorption coefficient a. 
Also shown is the standing optical wave. 

The cavity length is L cav is equal to X / 2. 




i 

f active 

T 















8 


7 Inorganic Semiconductors for Light-emitting Diodes 




(a) 

Reflector 

Confinement 

Ac live 
Region 

Confinement 


DBR 

reflector 


A u 

Ti 

p -typeGaAs 

P’ A io.2 Ga 0.8 As 


4 GalnAs/GaAs 
nws 

_ n-type 
Alo.2Gao.sAs 


10 Period 
AlAs/GaAs 

DBR 


AuGe 


AR coaling 


Fig. 1.6 (a) Schematic structure of a substrate-emitting GalnAs/GaAs RCLED consisting of a 

metal top reflector and a bottom distributed Bragg reflector (DBR). The RCLED emits at 930 nm. 
The reflectors are an AlAs/GaAs DBR and a Ag top reflector, (b) Picture of the first RCLED 
(after ref. [20]). 


[16]. These cavities had a large separation between the two reflectors, i. e. L cav >> 7. 
However, if the distance between the two reflectors is of the order of the wave¬ 
length, L cav A, new physical phenomena occur, including the enhancement of 
the optical emission from an active material inside the cavity. 

At the beginning of the 1990s, the resonant-cavity light-emitting diode (RCLED) 
was demonstrated, initially in the GaAs material system [17], shown in Fig. 1.6, 
and subsequently in organic light-emitting materials [14]. Both publications re¬ 
ported an emission line narrowing due to the resonant cavities. RCLEDs have 
many advantageous properties when compared with conventional LEDs, includ¬ 
ing higher brightness, increased spectral purity, and higher efficiency. For exam¬ 
ple, the RCLED spectral power density at the resonance wavelength was shown to 
be enhanced by more than one order of magnitude [18, 19]. 

The enhancement of spontaneous emission can be calculated based on the 
changes of the optical mode density in a one-dimensional (ID) resonator, i. e. a co- 
planar Fabry-Perot cavity. We first discuss the basic physics causing the changes 
of the spontaneous emission from an optically active medium located inside a mi- 
crocavity and give analytical formulas for the spectral and integrated emission en¬ 
hancement. The spontaneous radiative transition rate in an optically active, homo¬ 
geneous medium is given by (see, for example, ref. [21]) 



- i 

spont 



W spont p( v i) 


OC 


(1.15) 
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where W spont (£) is the spontaneous transition rate into the optical mode l and q(v £ ) 
is the optical mode density. Assuming that the optical medium is homogeneous, 
the spontaneous emission lifetime, r spont , is the inverse of the spontaneous emis¬ 
sion rate. However, if the optical mode density in the device depends on the spa¬ 
tial direction, as in the case of a cavity structure, then the emission rate given in 
Eq. (1.15) depends on the direction. Equation (1.15) can be applied to some small 
range of solid angle along a certain direction, for example the direction perpen¬ 
dicular to the reflectors of a Fabry-Perot cavity. Thus, Eq. (1.15) can be used to 
calculate the emission rate along a specific direction, in particular the optical 
axis of a cavity. 

The spontaneous emission rate into the optical mode £, W spont ( ^, contains the 
dipole matrix element of the two electronic states involved in the transition 
[21]. Thus W^nt^ will not be changed by placing the optically active medium in¬ 
side an optical cavity. However, the optical mode density, g(v £ ), is strongly modi¬ 
fied by the cavity. Next, the changes in optical mode density will be used to calcu¬ 
late the changes in spontaneous emission rate. 

We first compare the optical mode density in free space with the optical mode 
density in a cavity. For simplicity, we restrict our considerations to the one-dimen¬ 
sional case, i.e. to the case of a coplanar Fabry-Perot cavity. Furthermore, we re¬ 
strict our considerations to the emission along the optical axis of the cavity. 

In a one-dimensional homogeneous medium, the density of optical modes per 
unit length per unit frequency is given by 



(1.16) 


where n is the refractive index of the medium. Equation (1.16) can be derived 
using a similar formalism commonly used for the derivation of the mode density 
in free space. The constant optical mode density given by Eq. (1.16) is shown in 
Fig. 1.7. 

In planar cavities, the optical modes are discrete and the frequencies of these 
modes are integer multiples of the fundamental mode frequency, as shown sche¬ 
matically in Fig. 1.7. The fundamental and first excited mode occur at frequencies 
of v 0 and 2v 0 , respectively. For a cavity with two metallic reflectors (no distributed 
Bragg reflectors) and a ji phase shift of the optical wave upon reflection, the fun¬ 
damental frequency is given by v 0 = c / 2 nL cav , where c is the velocity of light in 
vacuum and L cav is the length of the cavity. In a resonant cavity, the emission 
frequency of an optically active medium located inside the cavity equals the 
frequency of one of the cavity modes. 

The optical mode density along the cavity axis can be derived using the relation 
between the mode density in the cavity and the optical transmittance through the 
cavity, T(v), 


p(v) = K T(v) 


(1.17) 
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Fig. 1.7 

(a) Optical mode 
density of a one¬ 
dimensional planar 
microcavity (solid 
line) and of homo¬ 
geneous one¬ 
dimensional space. 

(b) Theoretical 
shape of the lumi¬ 
nescence spectrum 
of bulk semicon¬ 
ductors. 


where K is a constant. The value of K can be determined by a normalization con¬ 
dition, i. e. by considering a single optical mode. The transmittance through a 
Fabry-Perot cavity can be written as 



_ T1T2 _ 

1 + Ri R 2 - 2^/Ri R 2 cos (4jxnL cav v/c) 


(1.18) 


The transmittance has maxima at v = 0, v 0 , 2v 0 ..., and minima at v = v 0 /2, 3v 0 /2, 
5v 0 /2 .... 

The optical mode density of a one-dimensional cavity for emission along the 
cavity axis is given by 

p{v) = — (1 - VWR~i) T(v) (1.19) 

T 1 T 2 c 


This equation allows one to calculate the density of optical modes at the maxima 
and minima. At the maxima, the mode density is given by 

(1?! K 2 ) 3/4 4 n 


P max 


1 - y/R\ R 2 C 


( 1 . 20 ) 


Because the emission rate at a given wavelength is directly proportional to the op¬ 
tical mode density, the emission rate enhancement spectrum is given by the ratio of 
the ID cavity mode density to the ID free-space mode density. The enhancement 
factor at the resonance wavelength is thus given by the ratio of the optical mode 
densities with and without a cavity, i. e. 
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n 


ftnax ^ 2 f ^ 2 Jt(Ri i? 2 ) 1/4 
p 1D jt Jt 1 — v^Ri -R 2 


( 1 . 21 ) 


This equation shows that a strong enhancement of the spontaneous emission rate 
along the cavity axis can be achieved with microcavities. 

Equation (1.21) represents the average emission rate enhancement out of both 
reflectors of the cavity. To find the enhancement out a single direction, we multiply 
the enhancement given by Eq. (1.21) by the fraction of the light exiting the mirror 
with reflectivity R 1 (i. e. 1 - R x ) divided by the average loss of the two mirrors for 
one round trip in the cavity {i. e. (1/2) [(1 - R x ) + (1 - R 2 )]}. For large R x and R 2 , 
this consideration gives for the enhancement of the emission exiting R 1 


2(1 - i?i) 2 F 1-Ri 2F 2 R 2 ) 1/4 (1 - Ri) 

2- Ri - R 2 n 1 - v/Ri Ri Jt Jt (1 _ R 2 y 


( 1 . 22 ) 


where we used the approximation 1 - ( R 1 R 2 ) l/2 == (1/2) (1 - R L R 2 ) == (1/2) 
(2 - R 1 - R 2 ). Equation (1.22) represents the emission rate enhancement from 
a single reflector with reflectivity R t . 

The total enhancement integrated over wavelength, rather than the enhancement 
at the resonance wavelength, is relevant for many practical devices. On resonance, 
the emission is enhanced along the axis of the cavity. However, sufficiently far off 
resonance, the emission is suppressed. Because the natural emission spectrum of 
the active medium (without a cavity) can be much broader than the cavity reso¬ 
nance, it is, a priori, not clear whether the integrated emission is enhanced. To 
calculate the wavelength-integrated enhancement, the spectral width of the cavity 
resonance and the spectral width of the natural emission spectrum must be 
determined. The resonance spectral width can be calculated from the finesse of 
the cavity or the cavity quality factor. 

The theoretical width of the emission spectrum of bulk semiconductors is 1.8 kT 
(see, for example, ref. [22]), where k is Boltzmann’s constant and T is the absolute 
temperature. At room temperature, 1.8fcTcorresponds to an emission linewidth of 
AA n = 31 nm for an emission wavelength of 900 nm. For a cavity resonance width of 
5-10 nm, one part of the spectrum is strongly enhanced, whereas the rest of the 
spectrum is suppressed. The integrated enhancement ratio (or suppression ratio) 
can be calculated analytically by assuming a Gaussian natural emission spectrum. 
For semiconductors at 300 K, the linewidth of the natural emission is, in the case 
of high-finesse cavities, larger than the width of the cavity resonance. The 
Gaussian emission spectrum has a width of A2 n = 2o (2 In 2) 1/2 and a peak 
value of (cr (2 jc) 1/2 ) _1 , where o is the standard deviation of the Gaussian function. 
The integrated enhancement ratio (or suppression ratio) is then given by [23] 

Gint = ~ G e A2 —-== = G e \/jtln2—— (1-23) 

/ crv 2 jt A/i n 

where the factor of jt / 2 is due to the Lorentzian lineshape of the enhancement 
spectrum. Hence, the integrated emission enhancement depends on the natural 
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Fig. 1.8 Optical mode density for (a) a short and (b) a long cavity with the same finesse F. (c) 
Spontaneous free-space emission spectrum of an LED active region. The spontaneous emission 
spectrum has a better overlap with the short-cavity mode spectrum compared with the long- 
cavity mode spectrum. 


emission linewidth of the active material. The value of G int can be quite different 
for different types of optically active materials. Narrow atomic emission spectra 
can be enhanced by several orders of magnitude [12]. On the other hand, materi¬ 
als having broad emission spectra such as dyes or polymers may not exhibit any 
integrated enhancement at all. Equation 1.23 also shows that the width of the 
resonance has a profound influence on the integrated enhancement. [8, 9] Narrow 
resonance spectral widths, i. e. high finesse values or long cavities, reduce the 
integrated enhancement [18]. 

The relation between the overlap of the spontaneous emission spectrum and 
the cavity length is illustrated in Fig. 1.8, which shows the optical mode density 
of a short and a long cavity. Both cavities have the same mirror reflectivities and 
finesse. The natural emission spectrum of the active region is shown in Fig. 1.8(c). 
The best overlap between the resonant optical mode and the active region emis¬ 
sion spectrum is obtained for the shortest cavity. Thus a cavity length of A/2 pro¬ 
vides the largest enhancement. 

The largest enhancements are achieved with the shortest cavities, which in turn 
are obtained if the fundamental cavity mode is in resonance with the emission 
from the active medium. The cavity length is shortest for metallic reflectors. 
DBRs with a short penetration depth, i.e. DBRs consisting of two materials 
with a large difference in refractive index, also reduce the cavity length. 
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The reflection and emission properties of the RCLED are shown in Fig. 1.9(a) 
and (b). The reflection spectrum of the RCLED exhibits a highly reflective band 
for wavelengths > 900 nm and a dip in the reflectivity at the cavity resonance. 
The spectral width of the cavity resonance is 6.3 nm. The emission spectrum 
of an electrically pumped device, shown in Fig. 1.9(b), has nearly the same 
shape and width as the cavity resonance. 

In conventional LEDs, the spectral characteristics of the devices reflect the ther¬ 
mal distribution of electrons and holes in the conduction and valence band. The 
spectral characteristics of light emission from microcavities are as intriguing as 
they are complex. However, restricting our considerations to the optical axis of 
the cavity simplifies the cavity physics considerably. If we assume that the cavity 
resonance is much narrower than the natural emission spectrum of the semicon¬ 
ductor, then the on-resonance luminescence is enhanced whereas the off-reso- 
nance luminescence is suppressed. The on-axis emission spectrum should there¬ 
fore reflect the enhancement, that is, the resonance spectrum of the cavity. The 
experimental results shown in Fig. 1.9 confirm this conjecture. 

Particularly high spontaneous emission enhancements can be attained with 
emitters that have very narrow emission lines. Atomic transitions, e. g. in rare- 
earth elements have such narrow emission lines. For this reason, rare-earth 
doped cavities are a prime example of the emission enhancement provided by re¬ 
sonant cavities. The emission spectrum of an erbium-doped Si/Si0 2 resonant cav- 


-3 


Fig. 1.9 

(a) Reflectance of 
a resonant cavity 
consisting of a 
10-pair AlAs/GaAs 
distributed Bragg 
reflector and an 
Ag reflector. 

(b) Emission spec¬ 
trum of a RCLED 
consisting of a 
10-pair AlAs/GaAs 
distributed Bragg 
reflector and an Ag 
reflector (after ref. 
[ 20 ]). 
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Fig. 1.10 Photoluminescence spectra 
of Er-doped Si0 2 . One of the spectra is 
for the Er-doped Si0 2 located in a 
cavity resonant at 1540 nm. The other 
spectrum is without a cavity. The 
emission enhancement factor is 50 
(after ref. [12]). 


ity is shown in Fig. 1.10 [12]. A distinct narrowing of the Er emission spectrum is 
found for emission along the optical axis. A huge emission enhancement with 
cavity is found, a factor greater than 50, when compared to a noncavity structure. 

The peak emission wavelength depends on the emission angle with respect to 
the surface normal (polar angle). Denoting the polar emission angle in air as 0 O , 
the emission wavelength is given by 


A e — ^res COS 


arcsin 



sin 0 



(1.24) 


where 2 res is the resonance wavelength of the cavity. For small angles, the equa¬ 
tion can be approximated by 

0 2 \ 

1 - 2Sj 11251 

where the refractive index n is the effective refractive index of the medium. The 
angular dependence of the peak emission wavelength is shown in Fig. 1.11. The 
dashed line is the approximate solution of Eq. (1.25). A refractive index of 1.5 has 
been used in this calculation. 

RCLEDs are now commercial products that are manufactured by the millions 
per year. Primary applications are in signage and communication. The devices 
are particularly well suited for plastic optical fiber systems. The directed emission 
pattern improves LED-fiber coupling efficiency. The narrow emission line reduces 
material and chromatic dispersion effects. As a result, RCLEDs enable longer 
transmission distances and simultaneously higher data rates. 

The enhanced coupling and narrow emission line of the fiber-coupled intensity 
is shown in Fig. 1.12. Inspection of the figure reveals the much higher power 
coupled to a fiber and the narrower emission spectrum of the RCLED. 
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Fig. 1.11 E mission wavelength as a 
function of angle for a planar reso¬ 
nant cavity (after ref. [12]). 
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Fig. 1.12 Spectra of light coupled into a plastic optical fiber from an GalnP/AlGalnP MQW 
RCLED and a conventional GalnP/AlGalnP LED at different drive currents. Note the narrower 
spectrum and higher coupled power of the RCLED (after ref. [24]). 


1.4 

Current Transport in LED Structures 

LEDs can be grown on conductive as well as insulating substrates. Whereas the 
current flow is mostly vertical (normal to the substrate plane) in structures 
grown on conductive substrates, it is mostly lateral (horizontal) in devices 
grown on insulating substrates. The location and size of ohmic contacts are rele¬ 
vant to light extraction, as metal contacts generally are opaque. This section dis¬ 
cusses the current flow patterns of different device structures aimed at high ex¬ 
traction efficiency. 
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Fig. 1.13 (a) Current-spreading structure used in 

AlGalnP LEDs, (b) Current crowding in a mesa- 
structured GaN-based LED grown on an insulating 
substrate, (c) Lateral injection geometry. The corre¬ 
sponding equivalent circuits are shown as well. 


In LEDs with thin top confinement layers, the current is injected into the active 
region mostly under the top electrode. Thus, light is generated under an opaque 
metal electrode, which results in a low extraction efficiency. The problem can be 
avoided with a current-spreading layer or window layer that spreads the current 
under the top electrode to regions not covered by the opaque top electrode. 

The usefulness of current-spreading layers was shown by Nuese et al. [25] who 
demonstrated a substantial improvement of the optical output power in GaAsP 
LEDs. The effect of the current-spreading layer is illustrated schematically in 
Fig. 1.13(a). Current-spreading layers are employed in top-emitting LEDs. A 
GaP current-spreading layer in an AlGalnP LED was reported by Kuo et al. [26] 
and Fletcher et al. [27, 28]. AlGaAs current-spreading layers in AlGalnP LEDs 
were reported by Sugawara et al. [29-31]. 
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For circular contact geometry, the thickness of the current spreading layer, t, 
results a current-spreading length L s given by [32] 


t — P L s [ r c + 


L 


ln( 1 + 


L 


Jo 


^ideal 


(1.26) 


where J 0 is the current density at the edge of the contact, r c is the contact radius. 
The equation allows one to calculate the required current-spreading layer thickness 
X for a given resistivity of this layer and the desired current-spreading length L s . 

Current crowding also occurs in mesa-structured LEDs grown on insulating sub¬ 
strates, e. g. GalnN/GaN LEDs grown on sapphire substrates. In common GalnN 
devices, the p-type contact is located on the top of the mesa, and the n-type contact 
is located on an n-type buffer layer at the bottom of the mesa. As a result, the cur¬ 
rent crowds at the edge of the mesa contact adjoining the n-type contact. 

A lateral p-side-up mesa LED grown on an insulating substrate is shown in 
Fig. 1.13(b). It is intuitively clear that the p-n junction current crowds near the 
edge of the mesa as indicated in the figure. An equivalent circuit model is 
shown in Fig. 1.13(b) and includes the p-type contact resistance and the resis¬ 
tances of the n-type and p-type cladding layers. The p-n junction is approximated 
by an ideal diode. The circuit model also shows several nodes separated by a dis¬ 
tance dx. The current distribution decreases exponentially with distance from the 
contact edge. The current-spreading length is given by [33] 




(Pc + Pp tp) 


n 


(1.27) 


where p n p and t n p are the resistivities and thickness of the n-type and p-type 
layers, respectively, and q c is the specific contact resistance. This equation 
shows that the current distribution depends on epitaxial layer thicknesses and 
material resistivities. A thick low-resistivity n-type buffer layer is needed to ensure 
that current crowding is minimized. For low p-type contact and confinement re¬ 
sistances, strong current crowding results, unless the n-type buffer layer is very 
conductive so that t n / Q n is very large. In GaN/GalnN devices, the sum of p- 
type contact and p-type layer resistances can be larger than the n-type cladding 
resistance, especially if t n is small. 

A device structure with a lateral current-injection scheme is shown in Fig. 
1.13(c). The current is transported laterally in both the n-type and p-type cladding 
layers. Light is generated in the region between the contacts where the extraction 
is not hindered by contacts. If the n-type sheet resistance Q n / t n is much lower 
than the p-type sheet resistance p p /t p , the current prefers to flow laterally in the 
low-resistance n-layer rather than the p-layer. As a result, the junction current 
crowds near the p-type contact. 

A schematic equivalent circuit suitable for the quantitative analysis is shown in 
Fig. 1.13(c) where a pn-junction current density of J( 0) is assumed at the edge of 
the p-type contact. The analytic solution of the equivalent circuit shown in Fig. 
1.13(c) is an exponential function [34, 35]. 
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Fig. 1.14 (a) Interdigitated stripe-contact structure for uniform current injection. 

(b) Top view, (c) Photograph of flip-chip GalnN LED (after LED Museum, see ref. [38]). 


For uniform light generation across the gap between the contacts, it is desirable 
to have a long exponential decay length L s . This can be achieved by high doping or 
thick confinement layers. To attain high powers, one may be tempted to scale the 
device structure in size. However, for large contact separations L, the device be¬ 
comes generally more resistive unless very thick confinement layers are being 
used (which may be impractical). Scaling such device structures can be accom¬ 
plished by employing arrays of many small devices rather than scaling up a single 
device. 

Note that current crowding becomes increasingly severe with larger device 
sizes, unless novel contact geometries are introduced to alleviate the problem. 
Such novel contact geometries include interdigitated structures with p-type finger 
widths of less than L s [36, 37]. For device dimensions much smaller than L s , the 
current crowding effect can be neglected. 

The schematic structure and a photograph of an interdigitated stripe-contact 
geometry are shown in Fig. 1.14. Uniform current injection into the active region 
is achieved by the p-type contact width (W p _ contact ) being smaller than the current¬ 
spreading length. The width of the n-type contact (W n _ contact ) must be at least equal 
to the contact transfer length to ensure low contact resistance. The contact trans¬ 
fer length follows from the transmission line model (TLM) used for characteriza¬ 
tion of ohmic contacts (see, for example, ref. [39]). 
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The active region of an idealized LED emits one photon for every electron injected. 
Each charge quantum-particle (electron) produces one light quantum-particle 
(photon). Thus the active region of an idealized LED has a quantum efficiency of 
one. The internal quantum efficiency is defined as 

# of photons emitted from active region per second P\ nt /{hv 
^ mt # of electrons injected into LED per second I / e 

where -Pint is the optical power emitted from the active region and I is the injection 
current. 

Photons emitted by the active region should escape from the LED chip. In an 
idealized LED, all photons emitted by the active region are also emitted into free 
space. Such an LED would have 100 % extraction efficiency. However, in a real LED, 
not all the power emitted from the active region is emitted into free space. Some 
photons may never leave the semiconductor chip. This is due to a number of pos¬ 
sible loss mechanisms. For example, light emitted by the active region can be re¬ 
absorbed in the substrate of the LED, assuming that the substrate is absorbing at 
the emission wavelength. Light may be incident on a metallic contact surface and 
be absorbed by the metal. In addition, the phenomenon of total internal reflection, 
also referred to as the trapped light phenomenon , reduces the ability of the light to 
escape from the semiconductor. The light extraction efficiency is defined as 

# of photons emitted into free space per second P/(hv) 
/extraction # Q y ph 0 t 0 ns emitted from active region per second Pint /(h v) 

(i .29) 

where P is the optical power emitted into free space. 

The extraction efficiency can be a severe limitation for high-performance LEDs. 
It is quite difficult to increase the extraction efficiency beyond 50 % without re¬ 
sorting to highly sophisticated and costly device processes. 

The external quantum efficiency is defined as 


(1.28) 


Pext 


# of photons emitted into free space per second 
# of electrons injected into LED per second 


P/(hv) 

T* 


Pint Pextraction 

(1.30) 


The external quantum efficiency gives the ratio of the number of usable light par¬ 
ticles to the number of injected charge particles. 

One of the most important problems facing high-efficiency LEDs is the occur¬ 
rence of trapped light within the semiconductor. Owing to the high refractive 
index of semiconductors, light incident on a planar semiconductor/air interface 
is totally internally reflected, if the angle of incidence is sufficiently large. Snells 
law gives the critical angle of total internal reflection. This angle defines the es¬ 
cape cone. Light rays with a propagation direction that lies within the escape 
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cone are able to leave the LED chip. Light trapped in the semiconductor will even¬ 
tually be reabsorbed by a defect, the substrate, active region, or another absorbing 
layer. 

If the light is absorbed by the substrate, the electron-hole pair will most likely 
recombine nonradiatively due to the inherently low efficiency of substrates. If the 
light is absorbed by the active region, the electron-hole pair may re-emit a photon 
(“recycling” of a photon) or recombine nonradiatively. If re-emitted as a photon, 
the photon propagation direction may fall into the escape cone. Thus the exact 
magnitude of the active region internal quantum efficiency and the probability 
of a photon to be emitted into the escape cone will determine the overall quantum 
efficiency of a device and the strategy (direct light extraction or light extraction by 
photon recycling) to attain higher efficiency. In the limit of low and high internal 
efficiency, photon recycling is an ineffective and effective strategy to maximize 
power efficiency, respectively. 

The occurrence of trapped light is illustrated in Fig. 1.15. A light ray emitted by 
the active region will be subject to total internal reflection, as predicted by Snells 
law. In the high-index approximation, the angle of total internal reflection is given 
by 

a c = n- 1 (1.31) 

where h s is the semiconductor refractive index and the critical angle a c is given in 
radians. For high-index semiconductors, the critical angle is quite small. For 
example, for the GaAs refractive index of 3.3, the critical angle for total internal 




(b) RCLED 





Fig. 1.15 (a) Light rays emanating from a point-like emitter are trapped inside the semicon¬ 

ductor due to total internal reflection. Only light rays with propagation directions falling within 
the escape cone can leave the semiconductor. Strategies increasing the extraction efficiency 
include (b) resonant-cavity (c) textured (d) chip-shaped LEDs. 
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1.5 Extraction Efficiency 

reflection is only 17°. Thus, most of the light emitted by the active region is 
trapped inside the semiconductor. 

The light-escape problem has been known since the 1960s. It has also been 
known that the geometrical shape of the LED die plays a critical role. The opti¬ 
mum LED would be spherical in shape with a point-like light-emitting region 
in the center of the LED. Light emanating from the point-like active region is in¬ 
cident at a normal angle at the semiconductor/air interface. As a result, total in¬ 
ternal reflection would not occur. Note, however, that the light is still subject to 
Fresnel reflection at the interface unless the sphere is coated with an antireflec¬ 
tion coating. 

The most common LED structure has the shape of a rectangular parallelepiped. 
Such LED dies are fabricated by cleaving the wafer along its natural cleaving 
planes. The LEDs have a total of six escape cones, two of them perpendicular 
to the wafer surface, and four of them parallel to the wafer surface [40]. The bot¬ 
tom escape cone will be absorbed by the substrate if the substrate has a lower 
bandgap than the active region. The four in-plane escape cones will be at least 
partially absorbed by the substrate. Light in the top escape cone will be obstructed 
by the top contact, unless a thick current-spreading layer is employed. Thus the 
simple rectangular parallelepiped LED has low extraction efficiency. However, 
low manufacturing cost is an advantage. 

There are different strategies to increase light extraction from LEDs including 
the resonant-cavity, surface-roughened, and chip-shaped LED shown in Fig. 
1.15(b), (c), and (d), respectively. The resonant-cavity light-emitting diode 
(RCLED) has a light-emitting region inside an optical cavity [41, 42]. The optical 
cavity has a thickness of typically one-half or one times the wavelength of light, 
i. e. a fraction of a micrometer for devices emitting in the visible or in the infra¬ 
red. The resonance wavelength of the cavity coincides with the emission wave¬ 
length of the active region. The spontaneous emission properties from a light- 
emitting region located inside the resonant cavity are enhanced by the change 
in optical mode density that has a maximum at or near the emission wavelength. 
The RCLED was the first practical device making use of spontaneous emission 
enhancement occurring in resonant cavities. 

Other efficient ways to increase the light extraction efficiency include the use of 
textured semiconductor surfaces (see, for example, refs. [43-47]) and the use of 
tapered output couplers [48-50]. A cone-shaped surface roughening is shown 
in Fig. 1.15(b). Light rays emanating from the active region below the base of 
the cone undergo multiple reflections until they eventually have near-normal in¬ 
cidence at the semiconductor/air interface and escape from the chip. For infrared 
GaAs-based devices, external quantum efficiencies of 40% have been demon¬ 
strated with surface-textured LEDs and devices having tapered output couplers. 
A detailed discussion of properties and fabrication of microstructured surfaces 
was given by Sinzinger and Jahns [51]. 

Several chip-shaped LEDs have been commercialized including the pedestal¬ 
shaped chip shown in Figs. 1.16(a) and (b) and the truncated inverted pyramid 
(TIP) chip shown in Figs. 1.16(c) and (d) [52]. The ray traces indicated in the fig- 
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tive region 




ac¬ 
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Fig. 1.16 Die-shaped devices: (a) Blue GalnN emitter on SiC substrate with trade name 
“Aton”. (b) Schematic ray traces illustrating enhanced light extraction, (c) Micrograph of 
truncated inverted pyramid (TIP) AlGalnP/GaP LED. (d) Schematic diagram illustrating 
enhanced extraction (after Osram, 2001; ref. [52]). 


ures show that light rays at the base of the pyramid can escape from the semicon¬ 
ductor after undergoing one or multiple internal reflections. The TIP geometry 
reduces the mean photon pathlength within the crystal, and thus reduces internal 
losses. Ray-tracing computer models are employed to optimize the sidewall angle 
6 to maximize light extraction. 

The TIP LED is a high-power LED with a large p-n junction area of 500 pm X 
500 pm. The luminous efficiency of TIP LEDs exceeds 100 lm/W and is one of the 
highest ever achieved with LEDs [52]. A peak luminous efficiency of 102 lm/W 
was measured for orange-spectrum (A 610 nm) devices at an injection current 
of 100 mA. This luminous efficiency exceeds that of most fluorescent (50-104 
lm/W) and all metal-halide (68 - 95 lm/W) lamps. In the amber color regime, 
the TIP LED provides a photometric efficiency of 68 lm/W (A *** 598 nm). This 
efficiency is comparable to the efficiency of high-pressure sodium discharge 
lamps. A peak external quantum efficiency of 55 % was measured for red-emitting 
(A 650 nm) TIP LEDs. Under pulsed operation (1 % duty cycle), an efficiency of 
60.9% was achieved, which sets a lower bound on the extraction efficiency of 
these devices [52]. 
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There are several different ways to obtain highly reflective coatings in the visible 
wavelength region. Metallic layers provide robust reflectors capable of reflecting 
visible light over a wide range of wavelengths and incident angles. Metals reflect 
visible light since this frequency range is well below typical plasma frequencies of 
the free-electron gas. However, electron oscillations induced by incident light 
waves not only result in reflection but also in substantial absorption caused by 
electron-phonon scattering. 

Distributed-Bragg reflectors (DBRs) are periodic structures with a unit cell of 
two dielectric layers having different refractive indices n t and thicknesses (i = 
1, 2). DBRs can be regarded as one-dimensional photonic-crystals with a high-re¬ 
flectivity stop band (“photonic-crystal gap”) comprising the nonpropagating light 
states in the crystal. DBRs are usually designed to have a certain center wave¬ 
length A center at perpendicular incidence. However, the DBR reflectivity depends 
on the incidence angle 6 such that the stop band shifts towards shorter wave¬ 
lengths for increasing 0 without changing its spectral width [53]. As a result, 
DBRs become transparent for oblique angles of incidence. 

The reflection properties of metals and DBRs depend on the polarization of the 
incident lightwave. According to Brewster’s law, the reflection of light polarized 
parallel to the plane of incidence (TM-mode) has a minimum at the incidence 
angle 

tan0 B = — (1.32) 

n 2 

where n x and n 2 are the refractive indices of the adjacent materials. This is parti¬ 
cularly important for DBRs that exhibit a drastic reflectivity decrease at 0 B . DBRs 
with improved wide-angle reflectivity can be achieved, e. g., by using aperiodically 
stacked layers with thickness gradients or random thickness distributions [54, 55]. 

Much research was devoted to DBRs with a complete photonic-crystal bandgap 
represented by a certain frequency range where all incoming photons regardless 
of their momentum vector Hk are reflected. These omnidirectional reflectors 
(ODRs) have a wide range of interesting applications such as all-dielectric coaxial 
waveguides [56], omnidirectional mirror fibers [57], and light transport tubes [58]. 

Omnidirectional reflection characteristics can also be obtained with distributed 
Bragg reflectors that have a very high index contrast such as Si/Si0 2 . Another 
approach used polystyrene and tellurium layers in a DBR [59]. Due to the large 
difference of the refractive indices, nsio 2 = 1-45; u polystyrenene = 1.8; nsi = 3.5; 
n teiiurium = 5, the Brewster angle 0 B is much larger than the critical angle 6 C for 
total reflection resulting in a nearly complete photonic-crystal bandgap in the 
wavelength range from 10 to 15 pm. Still another approach consists of the use 
of birefringent polymers in DBRs with two different refractive indices parallel 
and vertical to the DBR layer planes [58]. By adjusting the differences between 
the vertical and in-plane indices the value of the Brewster angle can be controlled. 
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Fig. 1.17 Perspective view of an omnidirectional reflector (ODR). The ODR also serves as 
ohmic contact. 


Brewster angles up to 90° (grazing incidence) and even imaginary values are pos¬ 
sible resulting in high reflectivity for TM-polarized light at virtually all incident 
angles. 

Unfortunately, the applicability of the above-mentioned omnidirectional DBRs 
in LEDs is limited since they are electrically insulating. In addition, these omni¬ 
directional DBR structures present a considerable thermal barrier preventing effi¬ 
cient heat sinking due to their large thermal resistance and thickness. DBRs have 
been used as a substrate coating to enhance the light extraction [60, 61]. However, 
the active region of a LED emits light isotropically and therefore the poor reflec¬ 
tivity of the regular DBRs at oblique incidence angles results in undesired losses 
particularly for wave-guided modes as discussed above. 

A very promising electrically conductive omnidirectional reflector suitable for 
use in LEDs is shown in Fig. 1.17 [62, 63]. The reflector comprises the LED semi¬ 
conductor material with a refractive index n s , a low-refractive index layer (%), and 
a metal with a complex refractive index N m = n m + i k m , where k m is the extinction 
coefficient. 

The low-index layer is perforated by many small ohmic contacts that cover only 
a small fraction of the entire area. The array of microcontacts allows the electrical 
current to pass through the dielectric layer. Assuming that the ohmic contacts 
have an area of 1 % of the reflector, and that the alloyed ohmic contact metal is 
50 % reflective, the reflectivity of the ODR is reduced by only 0.5 %. The ODR 
described here can be used with low-cost Si substrates or metal substrates 
using conductive epoxy or a metal-to-metal bonding process. These bonding pro¬ 
cesses have much less stringent requirements than direct semiconductor-to-semi- 
conductor wafer bonding processes. 

The reflectance of the semiconductor/metal reflector as a function of the inci¬ 
dent angle 6 is given by [64] 


Rte 


n s cos$i - N m cos0 2 
n s cos6h + N m cos0 2 


2 


(1.33a) 


Rtm = 


fts _ -V m 

COS01 COS02 

n s + N m 

COS01 COS02 


2 


(1.33b) 


The reflectance of the triple-layer ODR as a function of the incident angle 6 (see 
Fig. 1.18) is given by [64] 
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R = 


r 0 i + r 12 exp(2i<ft) 

1 + r 0 i • r 12 exp(2i <p) 


2 


(1.34a) 


where, 


n s cos0i - niicos02 

roiTE = - 

n s cos0i + niicos 02 


niicos^i - n s cos0 2 
01 ™ nijcos^i + n s cos0 2 


V 12TE = 


niicos02 - N m cos03 
niicos02 + N m cos03 


N m cos6 2 - niicos 03 
12 ™ N m cos0 2 + niicos 03 


and 



2jt 

T 


nii k cos 02 


(1.34b) 

(1.34c) 

(1.34d) 

(1.34e) 

(1.34f) 


Equations (1.34) apply to a low-index dielectric layer thickness of A 0 /(4n H ), i. e., to a 
quarter wavelength layer. Fig. 1.18(b) shows the reflectivity R(0) at X = 470 nm of a 
triple-layer ODR (GaN/Si0 2 /Ag), metal reflectors (GaN/Ag and GaN/Ni/Au), and 
20 periods of Al 0 2 5 Ga 0 75 N/GaN DBR. The reflectivity curves were calculated using 
the optical transfer matrix method [53, 64] and using parameters, n Ag = 0.132, 
k A g = 2.72, n si Q 2 = 1.46, n GaN = 2.45 at 470 nm [65]. As opposed to the ODR 
and metal reflectors, R(6) of the DBR sharply drops above 14° and recovers 
only at angles close to grazing incidence. Note that the reflectivity for TE-polar- 
ized light of the GaN/Si0 2 /Ag ODR is higher than that of the GaN/Ag reflector 
for all angles of incidence. 


Fig. 1.18 

(a) Reflector types in¬ 
cluding triple-layer ODR, 
metal reflector, and DBR. 

(b) Calculated reflectiv¬ 
ities of GaN/Si0 2 /Ag 
ODR and of AlGaN/GaN 
DBR (after ref. [63]). 
Dashed and solid lines 
indicate reflectivities of 
TM- and TE-lightwaves, 
respectively. 
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Because the LED active region emits light isotropically, the total substrate reflec¬ 
tivity averaged over the solid angle would be a suitable figure-of-merit. The aver¬ 
age reflectivity is given by 



1 /* Jt/2 

— / R(A, 0) 2tc sin# d 6 
2jt Jo 


(1.35) 


where A denotes the emission wavelength and 6 the angle of incidence in the 
semiconductor. As a result, the angle averaged reflectivity R is much larger for 
a GaN/Si0 2 /Ag ODR (R = 0.93 at A = 470 nm) and Ag reflector (R = 0.92 at 
A = 470 nm) than for the DBR (R = 0.49 for TE-polarized, R = 0.38 for TM-polar- 
ized at A = 470 nm). The averaged reflectivity of triple-layer ODRs exceeds the 
value of R for the transparent DBR by about a factor of two. 

Note that the reflectivity increase is significant. The power of a wave-guided 
mode, P, attenuated by multiple reflection events (with reflectivity R) depends 
on the number of reflection events, N, according to 


P = P 0 R N 


(3. .36) 


where P 0 is the initial power of the mode. 

At perpendicular incidence, the reflectance of the triple-layer ODR is given by 
[62, 63] 

IQs - ftiOOli + nm) + Os + nn)k m } 2 + {(n s - n h )k m + (n s + ftiOQii - n m )} 2 
{Os + nil)O h + n m ) + (n s - n n )fe m } 2 + {(n s + n n )fe m + (n s - »h)(»h - ^m )} 2 


For an AlGaInP/Si0 2 /Ag structure emitting at A = 630 nm, Eq. (1.37) yields a nor¬ 
mal-incidence reflectance R 0DR (d = 0) > 98 %. This value exceeds the correspond¬ 
ing value for a structure without a low-index layer by about 3 %, thereby reducing 
optical losses by a substantial amount. Due to the power-law dependence this im¬ 
provement of R is of great importance and shows the huge potential of ODRs. 
The triple-layer ODR can be improved significantly by using novel low-n materials 
such as nanoporous Si0 2 that has a refractive index as low as 1.10 [66]. It is trans¬ 
parent in the visible and near UV spectrum. In contrast, Si0 2 has a refractive 
index of about 1.46 and very good transparency in the visible and near UV spec¬ 
trum. 

The schematic structure of an ODR-based LED a shown in Fig. 1.19. It consists 
of a top current-spreading (or window) layer, the active and confinement layers, a 
bottom window layer, the ODR, and a submount such as a Si or metal wafer. The 
active layers include the lower and upper confinement layers and the bulk or mul¬ 
tiple-quantum-well (MQW) active region. The wafer is grown in the standard 
“p-side up” mode that is employed in nearly all LEDs at the present time. 

The wide-angle reflectivity of the ODR allows wave guiding of light rays with 
much smaller attenuation than a DBR. As a result, light extraction at the edges 
of the LED chip is strongly increased. 
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Fig. 1.19 Schematic of the omnidirectional reflector (ODR) LED. An array of microcontacts 
perforating the ODR serves as p-type ohmic contact to the epitaxial AlGalnP layers. 


1.7 

Packaging 

Virtually all LEDs are encapsulated with an optically transparent polymer. Encap- 
sulants have several requirements including high transparency, high refractive 
index, chemical stability, high-temperature stability, and hermeticity. The refrac¬ 
tive index contrast between the semiconductor and air is reduced by the encapsu- 
lant. A reduced index contrast at the semiconductor surface increases the angle of 
total internal reflection thereby enlarging the LED escape cone and extraction ef¬ 
ficiency. Furthermore, encapsulants provide protection against unwanted me¬ 
chanical shock, humidity, and chemicals. The encapsulant also stabilizes the 
LED chip and bonding wires. Finally the epoxy resin provides mechanical stability 
to the two metal leads of the LED and holds them in place. 

A low-power package is shown in Fig. 1.20(a). The device is attached to the bot¬ 
tom of a cup-like depression (“reflector cup”) formed in one of the lead wires 




Fig. 1.20 (a) LED with hemispherical encapsulant. (b) Cross section through high-power 

package. The heatsink slug can be soldered to a printed circuit board for efficient heat removal 
(adopted from ref. [68]). 
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(usually the cathode lead). A bond wire connects the LED top contact to the other 
lead wire (usually the anode lead). The LED package shown in the figure is fre¬ 
quently referred to as a “5 mm” or “Tl-3/4” package. 

In low-power LEDs, the encapsulant has the shape of a hemisphere, so that the 
angle of incidence at the encapsulant/air interface is always normal. As a result, 
total internal reflection does not occur at the encapsulant/air interface. 

A power package is shown in Fig. 1.20 (b). Power packages have a thermally con¬ 
ductive path from the LED chip, through the package, to a heat sink, e. g. a printed 
circuit board. The power package shown in the figure has several advanced fea¬ 
tures. First, the package contains an A1 or Cu heatsink slug with low thermal re¬ 
sistivity. Second, the chip is encapsulated with silicone. Because standard silicone 
retains mechanical softness in its cured state, the silicone encapsulant is covered 
with a plastic cover that also serves as a lens. Third, the chip is directly mounted 
on a Si submount that includes electrostatic discharge (ESD) protection [67]. Elec¬ 
trostatic discharge-protection circuits typically consist of a series of Si diodes or of 
a Si Zener diode. The current caused by an electrostatic discharge, which can be 
understood as a short high-voltage pulse applied to the electrodes of the device, 
will bypass the LED and flow mostly through the series of low-resistance Si diodes 
thereby protecting the LED. 

The thermal resistance of LED packages together with the maximum tempera¬ 
ture of operation determines the maximum thermal power that can be dissipated 
in the package. The maximum temperature of operation may be determined by 
reliability considerations, by the degradation of the encapsulant, and by internal 
quantum-efficiency considerations. Several types of LED packages and their ther¬ 
mal resistance are shown in Fig. 1.21 [69]. Early LED packages introduced in the 
late 1960s and still used for low-power packages, have a high thermal resistance of 
about 240 K/W. Packages using heatsink slugs made of A1 or Cu that transfer heat 
from the chip directly to a printed circuit board (PCB) that in turn spreads the 
heat, have thermal resistances of 6-12 K/W. It is expected that thermal resistances 
of < 5 K/W will be achieved for advanced passively cooled power packages. 

Note that the packages shown in Fig. 1.21 do not use active cooling (fan cooling). 
Heatsinks with cooling fins and fan are commonly used to cool electronic micro¬ 
chips including Si CMOS microprocessors. They have thermal resistances < 0.5 
K/W. The use of active cooling devices would reduce the power efficiency of LED- 
based systems and are therefore not used. 

A common encapsulant is epoxy resin (also called epoxy) that remains transpar¬ 
ent and does not show degradation over many years for long-wavelength visible- 
spectrum and IR LEDs. However, it has been reported that epoxy resins lose 
transparency in LEDs emitting at shorter wavelengths, i. e. in the blue, violet, 
and UV [70]. Epoxy resins are chemically stable up to temperatures of about 
120 °C. However, prolonged exposure to temperatures > 120 °C leads to yellowing 
(loss of transparency). 

To overcome the limited thermal stability of epoxies, silicone encapsulants have 
been used starting in the early 2000s. Silicone is a polymer that contains Si 
and O thereby resembling Si0 2 more so than epoxy resins. This resemblance sug- 
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Fig. 1.21 Thermal resistance of LED packages: (a) 5 mm (b) low-profile (c) low-profile with 
extended lead frame (d) heatsink slug (e) heatsink slug mounted on printed circuit board (PCB). 
Trade names for these packages are “Piranha” ((b) and (c), Hewlett Packard Corp.), “Barracu¬ 
da” ((d) and (e), Lumileds Corp.), and “Dragon” ((d) and (e), Osram Opto Semiconductors 
Corp.) (adopted from ref. [69]). 
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gests that silicone encapsulants are chemically and thermally stable and do not 
lose transparency as easily as epoxy resins. Indeed, standard silicones are stable 
up to temperatures of about 160 °C, i. e. significantly higher than epoxy. It is de¬ 
sirable to develop encapsulants that are Si0 2 -like because silica has excellent ther¬ 
mal and chemical stability [71]. 

Poly (methyl methacrylate) or briefly PMMA is a less common encapsulant used 
for LEDs. PMMA is also known under the name of acrylic glass and under the 
product name Plexiglas. The relatively low refractive index of PMMA (n = 1.49 
in the wavelength range 500 - 650 nm) results in a limited extraction efficiency 
when used with high-index semiconductors. 


1.8 

Conclusion 

In this chapter, properties of inorganic LEDs have been reviewed, including opti¬ 
cal emission spectra, direct and indirect semiconductors, radiative and nonradia- 
tive recombination processes, and double-heterostructure active regions, and 
quantum-well active regions. We also reviewed advanced device physics including 
resonant-cavity designs that result in enhanced LED emission characteristics and 
current transport in a variety of LED structures. Advanced LED fabrication tech¬ 
niques for achieving high extraction efficiency, such as chip shaping, highly effi¬ 
cient omnidirectional reflectors, and packaging issues, were also discussed. 
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Inorganic semiconductor LEDs are environmentally benign and very promising 
candidates for high-power, high-efficiency, and low-cost lighting and illumination 
applications. AlGalnP-based compound semiconductors are capable of emitting 
in the red, orange, amber, and yellow wavelength regions with high external effi¬ 
ciency. AlGalnN-based semiconductors are efficient sources in the UV, violet, 
blue, cyan, and green wavelength regions. This enables high-brightness inorganic 
LEDs to be used for high-efficiency white-light sources with excellent color-render¬ 
ing capabilities in solid-state lighting applications. 
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2 

Electronic Processes at Semiconductor Polymer Heterojunctions 

Arne C. Morteani, Richard H. Friend, and Carlos Silva 


2.1 

Introduction 

Until the 1970s, organic polymeric materials - “plastics” - were considered to be 
insulators and were employed in numerous applications such as electrical wire 
insulation or the insulating interlayer in capacitors. It was then discovered that 
doped polyacetylene exhibits metallic conductivity [1, 2]. Later it was found that 
undoped conjugated polymers can exhibit semiconductor properties and in partic¬ 
ular the discovery of electroluminescence in poly-p-phenylenevinylene (PPV) trig¬ 
gered the fast expansion of this field of research [3]. Like other plastics, conju¬ 
gated polymers can be solution processed. This makes possible easy and cheap 
fabrication of polymer-based field-effect transistors ([4-7], see also ref. [8] for a 
review), light-emitting diodes (LEDs) [9, 10], and photovoltaic cells [10-12] that 
also exhibit new and useful mechanical properties such as flexibility. 

The photophysics of Ji-conjugated polymers are reviewed in detail in other 
chapters of this book. (See, for example, Chapter 3.) Here, we focus on the elec¬ 
tronic and photophysical phenomena that occur at the heterojunction between 
two different semiconductor polymers. The heterojunctions are formed by com¬ 
bining four different polyfluorene copolymers in blend or bilayer thin films 
and are investigated using time-resolved and steady-state, temperature- and elec- 
tric-field-dependent photoluminescence measurements as well as electrolumines¬ 
cence and time-resolved spectroscopy. We review a body of work carried out in our 
laboratories over the last few years, and published in numerous journal articles 
(see refs. [13-17]). 

The heterojunction formed between dissimilar organic semiconductors is gen¬ 
erally found to be remarkably free of gap states and other defects that would 
otherwise compromise semiconductor device operation. Heterojunction light- 
emitting diodes (LEDs) are designed so that the offsets between conduction 
and valence band edges are of type II (see Section 2.1.4.1) and electrons and 
holes accumulate on opposite sides of the hetero junction (see Fig. 2.1). In a non¬ 
interacting electron picture, type-II hetero junctions would destabilize an exciton 
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present in either semiconductor, since the exciton state would be higher in energy 
than the charge-separated state. However, organic semiconductors are low dielec¬ 
tric constant materials (typically less than 4) so that Coulomb interaction between 
electron and hole gives a substantial exciton binding energy (of order 0.5 eV). To a 
first approximation, when this binding energy is larger than the band-edge off¬ 
sets, excitons are stable at the interface [18]. By selecting semiconductors with lar¬ 
ger band-edge offsets, charge separation at the heterojunction can be readily 
achieved, giving efficient photovoltaic behavior. 

LEDs made using molecular semiconductors are generally fabricated as multi¬ 
ple-layer heterojunction structures by successive vacuum sublimation steps [19]. 
However, with solution-processed polymers it is possible to make 'distributed 
hetero junction’ diodes by demixing of two polymers codeposited from common 
solution [20]. This is an obviously desirable structure for photovoltaic diodes, be¬ 
cause it can allow excitons photogenerated throughout the bulk of the layer to be 
sufficiently close to the heterojunction so that they can be ionized. This has been 
exploited to produce promising photovoltaic performance [21-23]. More surpris¬ 
ingly, we have found that similar demixed polymer blends forming type-II hetero¬ 
structures can be used to fabricate high-performance LEDs. 

We find that localized excited-state complexes, so-called exciplexes, form at 
hetero junctions with charge-transfer character. This gives rise to a number of 


a) Capture v'm charge injection 


charge transport to 
helerojunciion 



ano* 


caihode 


eiectron-iniection over 





capture into exdton 
and photoe mission 



b) Barrier-free capture 



Fig. 2.1 Illustration of the two mechanisms 
for electron-hole capture discussed in the text. 
Electrons and holes are transported through 
their respective transport materials and accu¬ 
mulate at the heterojunction, a) Injection of 
one of the charges into the opposite polymer 
makes possible charge capture within the 
polymer bulk and formation of intramolecular 
excitons. b) Barrier-free electron-hole capture 


directly produces a neutral excited-state, the 
exciplex, without prior injection of a charge 
carrier into the opposite polymer. The exciplex 
can be thermally activated and transfer to the 
bulk exciton, leading to exciton electrolumi¬ 
nescence. With small oscillator strength, it can 
also decay radiatively and emit red-shifted ex¬ 
ciplex electroluminescence. 














2.7 Introduction 


37 


novel electronic and photophysical processes at the interface. We investigate the 
crucial role of the exciplex during charge capture and exciton dissociation. Speci¬ 
fically, we find that electron-hole capture produces the interfacial exciplex state 
directly, which can be subsequently excited thermally to the bulk exciton state. 
This fast, barrier-free capture process suggests a reason for the high efficiencies 
seen from some polymer blend light-emitting diodes. We find that exciton disso¬ 
ciation does not yield free charges directly but rather produces a geminate elec¬ 
tron-hole pair, which subsequently dissociates fully to form uncorrelated charges 
or collapses into the exciplex state. We develop a comprehensive model of the elec¬ 
tronic processes at the heterojunction that not only describes exciton dissociation, 
but also includes barrier-free capture. We show that excitons can be recovered 
even after they have undergone charge transfer at the heterojunction [14]. We 
describe the influence of the film morphology on the above mechanisms and 
in particular the morphology-dependent trapping of excitons at the hetero junc¬ 
tion. 

2.1.1 

Molecular Complexes and Exciplexes 

The aim of this chapter is to elucidate the various electronic and optical processes 
that occur at heterojunctions between two semiconductor polymers. Most of the 
results presented are related to the presence of localized electronic states at 
hetero junctions between different polyfluorenes. These have an analog in solu¬ 
tion systems of small molecules where they are called exciplex states. Here, we 
give an overview of the theories that have been developed for small-molecule so¬ 
lution systems (for more details see also [24] and [25]). In Section 2.1.3, we then 
discuss if and how these are applicable to solid-state films of blended conjugated 
polymers. 

When two or more molecules come in close contact this can lead to a stabiliza¬ 
tion of the overall system via the delocalization of the electronic wavefunctions 
across the molecule boundaries. The resulting molecular complex can no longer 
be treated as two isolated molecules but has to be considered as a single quan¬ 
tum-mechanical system. As a consequence the molecules absorb and/or emit 
in a cooperative manner. If the complexation occurs in the ground-state we 
speak of a ground-state or absorption complex or an aggregate. (The latter term is 
widely used in the conjugated polymer community although it should be used 
with care to distinguish between true H- or J-type molecular aggregates.) When 
complexation occurs only while one of the molecules is in the excited-state we 
talk of an excited-state complex or simply an exciplex. The molecules in ground- 
state complexes absorb cooperatively, while those bound to form an exciplex 
emit cooperatively. The resulting absorption and emission spectra differ from 
those of the isolated molecules. Ground-state complexes need not form exciplexes 
upon excitation and exciplexes need not produce ground-state complexes when 
emitting. A special case of the exciplex is the excimer that is an exciplex composed 
of two identical molecules, 
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M* + N - 

■» (MN)* 

(exciplex) 

(2.1) 

M* + M - 

-> (MM)* 

(excimer) 

(2.2) 

N* + N — 

> (NN)* 

(excimer) 

(2.3) 


What are the characteristic properties of exciplexes? Perhaps the most general dis¬ 
tinguishing characteristic of an electronically excited-state is its emission spec¬ 
trum. In the bulk material, it is often difficult to distinguish spectroscopically 
(at least at steady state) between M* and (MM)*. However, (NM)* spectral signa¬ 
tures are specific to intermolecular interactions. Thus, if exciplexes exist, they 
should, in principle, exhibit fluorescence (singlet exciplexes) or phosphorescence 
(triplet exciplexes) that is distinct from that of both M* and N*. Furthermore, 
since the ground-state complex MN is generally less bound than (MN)*, emission 
from the exciplex will usually occur to a weakly bound or dissociative ground- 
state. 

In the following, we will summarize the quantum mechanics and photophysics 
of exciplexes. Ground-state complexes will not be treated further since they are 
not the subject of this chapter. 

The enhanced stabilization of the excited-state complex (MN)* as compared to 
the ground-state complex MN can be understood from a simple model of molec¬ 
ular orbital interactions (Fig. 2.2). When M and N are brought into contact, then 
the major electronic interactions will be among their highest filled or partially 
filled orbitals. (Note that this sketch is for the special case when N = M so 
there is no energy offset in the molecular orbitals.) According to the rules of per- 
tubation theory, the HOMO of M will interact with the HOMO of N to form two 
new orbitals. Similarly, the LUMOs of both molecules will interact to produce two 
new LUMOs of the complex. The two new orbitals split in energy relative to the 
original HOMOs (or LUMOs). This means that in the complex one of the new 
HOMOs (LUMOs) is lower in energy and one higher in energy than the original 
HOMOs (LUMOs). The stabilized orbital is called bonding while the destabilized 
one is the antibonding orbital. 

In the ground-state complex of M and N, the four electrons that occupied the 
HOMOs of M and N occupy the new set of HOMOs. Two electrons are stabilized 
and two electrons are destabilized. Thus, no gain in energy is achieved by inter- 


Ground state: 


Excited state: 


-H—\ ,M+ 

V / 

\ / 

M MN N 
net stabilization^ 


M (MN)* N 
net stabilization=two electrons 


Fig. 2.2 Visualization of the 
molecular orbital interactions in 
ground-state and excited-state 
complexes of molecules M and N. 
The sketch is drawn for two iden¬ 
tical molecules (M = N). For dis¬ 
similar molecules, charge-transfer 
interactions stabilize the complex 
further. 
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M*N 


Fig. 2.3 Potential energy surface 
description of exciplex formation 
between two molecules M and N. 

|MN> and |M*N> are the 
ground- and excited-state curves. 
r M ~N stands for the intermolecu- 
lar distance. Eexciton and ^exciplex 
are the exciton and exciplex en¬ 
ergy levels, while E x is the energy 
of exciplex photoemission. AE re | ax 
is the energy of geometrical re¬ 
laxation and AH is the enthalpy associated with exciplex formation. The dotted line illustrates a 
possible activation barrier for exciplex formation. 



M N 


action of M and N during their collisions. In the exciplex, however, since one of 
the partners is electronically excited, three electrons are stabilized, while only one 
electron is destabilized as the electrons redistribute themselves from their original 
non-interacting orbitals to the new orbitals of the exciplex. Exciplex effects are 
often stronger than excimer effects because of their partial ionic character. 

Let us now consider a potential energy surface description of exciplex formation 
(Fig. 2.3). At large separations of the (ground-state) molecules M and N, the ab¬ 
sorption spectrum of either component would be identical to that of each mono¬ 
mer, i.e. neither component would influence the other. As M and N approach, the 
absorption spectrum remains constant. Eventually, M and N undergo collisions. 
Since there are no substantial attractions between M and N in their ground-states, 
steric hindrance will repel the molecules and very few (dissociative) complexes 
will exist at any given time. As a result, no new absorptions will be observed. 

Now consider the situation for the approach and collision of M* and N on the 
excited-state surface (upper surface in Fig. 2.3). At a large separation of M* and N, 
the emission spectrum is that of the isolated molecule, M*. As the two molecules 
approach, the bonding between them may increase due to charge transfer and ex¬ 
citation exchange interactions. This will cause a minimum to occur in the poten¬ 
tial-energy curve. This enthalpy decrease is usually accompanied by an entropy 
decrease, since the complexation reduces the degrees of freedom of the system 
(e.g. translations or rotations of one molecule with respect to the other). If the 
overall free-energy change AG = AH - T AS is negative an excited-state complex 
- an exciplex - will form. The exciplex minimum of the potential energy curve 
can sometimes only be reached by overcoming a potential energy maximum 
and this is illustrated by the dotted line in Fig. 2.3. In these cases, the formation 
of an exciplex via the approach of two molecules is a thermally activated process. 

Emission from the exciplex will occur according to the Franck-Condon princi¬ 
ple i.e., vertically from the excited-state minimum (no change of the nuclear con¬ 
figuration during the emission process). The separation of M and N in the ex- 

1) This instability of the ground-state complex is 
a somewhat arbitrary feature of the exciplex 
definition. 
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cited-state minimum corresponds to a point on the repulsive part of the ground- 
state potential curve. That is, the exciplex is stabilized via configurational (or “geo¬ 
metrical”) relaxation of the molecules with respect to their ground-state config¬ 
urations. Franck-Condon emission will therefore lead exclusively to repulsive 
states on the ground surface. Within a few collisions, D and A will fly apart ra¬ 
pidly. This process is the emission analog of directly dissociative absorption. 
The absence of any quantization of the vibronic “levels” results in the total ab¬ 
sence of vibrational structure in the emission spectra of excimers and exciplexes. 

We are now in a position to appreciate the single most definitive kind of direct 
spectroscopic evidence for the formation of an excimer or exciplex: the observa¬ 
tion of a concentration-dependent, vibrationally unstructured emission that oc¬ 
curs to the red of the emission spectra of either one of the constituent molecules 
of the complex. The fact that the exciplex does not decay to the configurationally 
relaxed ground-state also means that the exciplex emission energy E x is lower 
than the energy of the exciplex state Texdpiex with respect to the (relaxed) system 
ground-state. They differ exactly by the relaxation energy A£ re i ax . 

2.1.2 

Review of Molecular Exciplexes in Solution 

In most heterocomplexes the two constituents differ in their ionization potentials 
and electron affinities. This can promote a partial charge transfer upon contact of 
the two molecules causing a considerable electric dipole to form across the inter¬ 
face. The importance of the charge-transfer interactions can therefore become 
dominant over the excitation exchange interactions. Indeed, most exciplexes ap¬ 
pear to be stabilized mainly by charge-transfer interactions [24]. 

In Fig. 2.2, we discussed exciplex formation using a picture of two neutral mo¬ 
lecules approaching each other. We now consider their high charge-transfer char¬ 
acter and treat them as the product of two ions brought together. At small dis¬ 
tances the coulomb attraction of the postitive charge on the donor, D, and the ne¬ 
gative charge on the acceptor, A, will lead to a stabilization of the overall system. 
This stabilization energy, C, can be seen as a (Coulombic) exciplex binding energy 
in analogy to the exciton binding energy in organic and inorganic semiconduc¬ 
tors. 

The emissive properties of solution-phase exciplexes has been reviewed by 
Weller [25], and we summarize the basic concepts that determine the emission 
energy of these in the following. Neglecting any orbital overlaps, we derive the 
energy E £ of the “quasiclassical” exciplex state in the gas phase above the sepa¬ 
rated ground-state molecules to be: 

£0 = IP D - EA a - C (2.4) 

where IP D is the ionisation potential of the donor and EA a represents the electron 
affinity of the acceptor. Equation (2.4) is only an approximation and needs to be 
altered in order to achieve an accurate description. Firsty, the orbital overlap be- 
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tween the constituent molecules is expected to either stabilize or destabilize the 
exciplex by an amount Aly^stab- Secondly, there will be an enthalpy of solvation, 
AHJ o1 associated with the exciplex formation, i.e. with 

A g + D g + (A-D + ) s ^ A s + D s + (A-D + ) g (2.5) 

where the subscripts g and s refer to gas phase or solution phase, respectively. 
With these modifications the energy of the “nonclassical” and solvated exciplex, 
E x , becomes 


Ex — E x + A£( de ) stab AH x l — I Pd EA a + Af^g)^ AH X ^ C 


( 2 . 6 ) 


For the experimental verification of this expression it is useful to replace IP d and 
EAa with their solvent-dependent equivalents, i.e. with the oxidation potential E™ 
and the reduction potential E Y £ d . These are related to the ionization potential and 
electron affinity by: 


F° x = IPd + AG s D °i (2.7) 

Ef d = EA a + A G%} (2.8) 

where AGgf 1 and A G^ 0 . 1 are the solvation free energies associated with the pro¬ 
cesses. 

D g + D + s -D s + D+ (2.9) 


and 


A g + A s ^ A s + Ag 


( 2 . 10 ) 


The subscript g refers to gas phase and s to the solution in which the oxidation 
and reduction potentials have been determined. The complete expression for the 
exciplex energy E x becomes 


Ex = E° x - Ef + E (de)stab - (A Hf + AG™ 1 


- A G^ 1 + G) 


( 2 . 11 ) 


Exciplexes (in the general definition given at the beginning of this section) 
are classified according to the sign and magnitude of the (de) stabilization 
energy £(d e )stab [25]. Generally, for the materials systems studied here, 
f(de)stab ~ 0.15 eV. 

For exciplexes with D^stab of this order, the following empirical equality is 
found for the maximum hu ™ ax = E x of the exciplex emission [25]. 


E x = E™ - E % d - 0.15±0.10eV 


( 2 . 12 ) 
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There is generally excellent agreement of this empirical equation with the experi¬ 
mental data. The unit slope of the dependence of E x on E — £^ ed is remarkable 
and was suggested to be due to the fact that the solvation free energies in 
Eq. (2.13) are of similar magnitude as the Coulomb attraction term and also 
have a similar dependence on the size of the ions [25]. We will show in a later 
section that the exciplexes investigated in this chapter also follow the unit-slope 
behavior and can therefore be classified as molecular systems. The offset of 
0.15 eV gives an estimate to the exciplex binding energy. Using Eq. (2.11) and 
Eq. (2.12) and setting £(d e )stab = 0 we find 

C + (A Hf + AG s D °f - AG^ 0 . 1 ) = 0.15 ± 0.10 eV (2.13) 

2.1.3 

Exciplexes at the Polymer Heterojunction 

In the previous section we discussed the standard knowledge on exciplex states 
that form between small molecules in solution. In this section exciplex states at 
the heterojunction between two polymer semiconductors in a solid-state (blend) 
film are investigated. The question arises as to how the theoretical frameworks 
described above are applicable. The meaning of terms like “collision”, “concentra¬ 
tion”, and “solvation” in the context of solid-state polymer systems needs to be 
clarified as well as the applicability of Eq. (2.12). 

In solution systems two molecules come in close contact only during collisions, 
while in a solid-state film they are permanently in contact. Therefore, intermole- 
cular processes should be strongly enhanced in solid-state systems, which indeed 
is the case for ground-state complexation. However, many intermolecular pro¬ 
cesses, e.g. exciplex formation, require one of the molecules to be in the ex¬ 
cited-state. Here, excited-state or “exciton” diffusion towards the interface be¬ 
tween two dissimilar polymer phases plays a similar role as molecular diffusion 
and collision in solutions. Hence, “intermolecular distance” can be replaced by 
“distance of the exciton from the interface” and models like the one depicted 
in Fig. 2.3 can be (carefully) applied. During subsequent collisions two molecules 
explore different relative orientations in order to find one that facilitates exciplex 
formation. This is not possible in the solid state where the molecules are immo¬ 
bile. The analog would be that the exciton visits different heterojunction sites 
until it finds a suitable one where a reaction is possible. This is an interesting 
question because most of the models developed in this chapter describe only a 
single “kind” of heterojunction. However, different processes occur at different 
sites along the heterojunction. 

It is now also clear what the polymer film equivalent of the concentration of a 
solution has to be. A highly concentrated solution results in a high frequency of 
collisions. In a polymer blend film excitons encounter heterojunctions more fre¬ 
quently when the heterojunction density is high. Hence, a high concentration of a 
solution corresponds to a well-mixed polymer blend with small-scale phase se¬ 
paration. The degree of mixing of the components in a polymer blend (i.e. the 



Table 2.1 Abbreviations and full names for the four poly- 
fluorene polymers used in this chapter. 
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short name full name 


F8 poly(9,9'-dioctylfluorene) 

F8BT poly(9,9'-dioctylfluorene-co-benzothiadiazole) 

PFB poly(9,9'-dioctylfluorene-co-bis-N,N'-(4-butylphenyl)-bis-N,N'-phenyl-l,4- 

phenylenediamine) 

TFB 9,9'-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine) 


“blend morphology”) is therefore a useful experimental parameter for the inves¬ 
tigation of polymer systems - just as the solute concentration is for research on 
solution systems. 

Another term used in the descriptions above is “solvation”. In solid-state films 
there is a dielectric response of the surrounding molecules that also leads to a sta¬ 
bilization of the system in analogy to polar solvation. In Section 2.1.4.6 (Fig. 2.20) 
we show that Eq. (2.12) holds for polymeric exciplex systems. This means that the 
correlation between the solvation free energies and the exciplex binding energy 
that was described earlier also holds for the polymer system. 

Finally, we discussed that exciplex formation is accompanied by an entropy de¬ 
crease. In a solid-state film this change in entropy is small, which in theory 
should facilitate exciplex formation. 

2.1.4 

The Polymers used in this Chapter 

The polymers used in this chapter are all polyfluorene derivatives. They are ABAB 
copolymers with A being the fluorene group shown in Fig. 2.4(a). Due to their 
high chemical stability, flexible chemistry and good charge transport and lumines¬ 
cence properties, polyfluorenes are very common materials for polymer optoelec¬ 
tronics and have been used to make highly efficient LEDs [26, 13] as well as good 
photovoltaic diodes [27, 28] and transistors [29]. Table 2.1 lists the abbreviated and 
full names of all the polymers that appear in this chapter. The chemical structures 
of each of the polymers are displayed in Fig. 2.4. 

The HOMO and LUMO energies for all polymers are given in Fig. 2.5. These 
values have been determined via cyclic voltametry [30]. 


2.1.4.1 Type-ll Heterojunctions 

The four different polyfluorene materials listed in Table 2.1 can be paired in six 
different ways. Some of these combinations have been employed successfully for 
various optoelectronic devices. For example, blend films of TFB and F8BT (writ¬ 
ten as TFB:F8BT) have been employed for efficient light-emitting diodes (see, e.g. 
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Fig. 2.4 Chemical 
structures of F8, F8Bf 
PFB, and TFB. 
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Fig. 2.5 Visualization of the HOMO and LUMO 
energies of F8, F8Bf PFB, and TFB. These values 
have been determined via cyclic voltametry [30]. 


refs. [10, 13] but produce bad photovoltaic diodes [14]. PFB:F8BT, on the other 
hand, shows promise for photovoltaic diodes (see e.g. refs. [14, 28, 31, 32]) 
while making poor LEDs [13]. The two systems form type-II heterojunctions, i.e. 
both HOMO and LUMO energies are higher in one polymer than in the other 
leading to an interface with charge-transfer character. Type-II heterojunctions 
have generally been found to be useful for device optimization. In LEDs they 
cause charges to accumulate at opposite sides of the junction leading to a well-de¬ 
fined recombination zone whose position in the device can be controlled, as well 
as producing less leakage current. In photovoltaic diodes, the heterojunction facil¬ 
itates exciton dissociation and charge generation, because the loss of the exciton 
binding energy is offset by the transfer of the electron (hole) into the energetically 
favorable LUMO (HOMO) orbital. Moreover, for both LEDs and photovoltaic 
diodes, bipolar currents are necessary and therefore a combination of electron- 
and hole-transporting polymers (n- and p-type polymers) is needed. This require¬ 
ment usually leads to a donor-acceptor or type-II hetero junction. On the contrary, 
type-I systems (i.e. the LUMO and HOMO energies of one polymer are equal or 
lie between those of the other) do not have any of the above advantages. The only 
process of interest happening at these interfaces is that excitons undergo reso¬ 
nance energy transfer from the higher-bandgap to the lower-bandgap material. 
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Fig. 2.6 Extinction spectra of binary blend and pure polymer films. All films were spun from 
chloroform and are ~170nm thick. At the time this measurement was done, the films con¬ 
taining F8 were significantly scratched, which explains the large scattering background seen in 
the spectra. 


This is sometimes used to alter the color of LEDs or to improve light harvesting in 
photovoltaic diodes. 

Of the binary systems that can be formed from the polymers in Fig. 2.5, two are 
of type I and the remaining four are type II. (The heterojunctions between PFB 
and TFB as well as between F8 and F8BT are effectively type I because of the 
near-degeneracy of the LUMOs of PFB and TFB and the HOMOs of F8 and 
F8BT.) This leaves four type-II heterojunctions: PFB:F8BT, TFB:F8BT, F8:PFB, 
and F8:TFB. 

In the following sections, we investigate blend films spun from chloroform so¬ 
lution at a weight ratio of 50:50 (if not indicated differently). In films prepared in 
this way, the two polymers are well intermixed and hence the film contains a high 
density of interface sites. This makes it easier to detect signals due to the hetero¬ 
junction. The thickness of the polymer films was —170 nm. 

Figure 2.6 shows the extinction spectra of all possible binary polymer blends 
together with those of the individual polymers. The lack of additional features 
in any of the blends points to the absence of ground-state interactions between 
the different polymers. 
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2.1.4.2 The PFB:F8BT Exciplex 

In Fig. 2.7, the PL spectra of a PFB:F8BT blend and its pure components are 
plotted. The blend exhibits a strong emission, peaked around —625 nm, that is 
not observed in the pure polymers. We show that this red emission is due to ex¬ 
ciplex states at the PFB:F8BT heterojunction. 

Exciplex states only exist at the interface between the two dissimilar polymers 
in the blend. Reducing the density of these interfaces in the polymer blend is ex¬ 
pected to reduce the amount of exciplex observed. For example, annealing mobi¬ 
lizes the polymers and causes the film to move closer to thermodynamic equili¬ 
brium, i.e. the two polymers phase separate and the density of hetero junction 
sites decreases. Indeed, we observe that the amount of exciplex emission is re¬ 
duced by the annealing treatment [30]. 

A second way to vary the density of hetero junctions in the film is to compare 
films spun from different solvents. The process of demixing during spin coating 
of PFB and F8BT has been reported in detail elsewhere [27]. The morphology is 
dependent on the solvent used and its evaporation rate during spin coating. In 
films prepared under ambient conditions using xylene as solvent, pm-size fea¬ 
tures can be observed by tapping-mode AFM. The lengthscale of these is set by 
the film thickness at the point where F8BT becomes insoluble, and fluorescence 
microscopy shows that two phases, each rich in one of the polymers, are present. 
For 50:50 PFB:F8BT blends, the average compositions of the two phases are esti¬ 
mated from Raman spectroscopy to be 80% F8BT and <50% F8BT [33]. For blend 
films of TFB and F8BT, prepared under similar conditions, we find a very similar 
morphology, which can be seen in the fluorescence image shown in Fig. 2.21 in 
Section 2.2. These pm-size features are generated from luminescence throughout 
the thickness of the film and indicate the bulk nature of this phase separation. 
Spin coating from chloroform solutions by contrast results in nm-size features 
that cannot be observed using AFM [27]. This is due to the high evaporation 
rate of the chloroform, which doesn’t allow large-scale phase separation to 
occur. Films spun from xylene have therefore a much smaller density of hetero¬ 
junction sites than those spun from chloroform. Figure 2.8 shows the PL emis¬ 
sions from two PFB:F8BT blends that contain the same weight ratio of PFB 
and F8BT (50:50) but were spin coated from either a chloroform or a xylene solu¬ 
tion. Exciplex formation in the film spun from chloroform is much stronger. 



Wavelength (nm) 


Fig. 2.7 Photoluminescence spectra of PFB 
(black), F8BT (red), and a PFB:F8BT blend. 
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Fig. 2.8 Photoluminescence spectra of 50:50 
PFB:F8BT blends spun from xylene (black) and 
chloroform solution (red). The red exciplex 
emission is strongly enhanced in the chloroform 
blend. 


Fig. 2.9 Photothermal deflection spectra of 
PFB (black), F8BT (red), and a PFB:F8BT 
blend film (green) The weight ratio of the 
blend was 90:10, and it was spun from 
chloroform. *3 
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Both the annealing and the solvent-dependent experiments make clear that the 
red emission in PFB:F8BT scales with the density of heterojunction sites in the 
film. Hence, it must be due to an intermolecular interaction between two differ¬ 
ent molecules, i.e. between the F8BT and the PFB. 

The observed phenomena would also agree with a model that involves ground- 
state interactions between the two polymers. We already investigated the UV-Vis 
spectra of the PFB:F8BT blend. However, UV-Vis spectroscopy provides only a 
rough means to investigate small absorbance features. Possible ground-state inter¬ 
actions, on the other hand, are expected to show only weak signatures because of 
the relatively low density of interface sites in the phase-separated polymer blend 
and the possibly low oscillator strength of ground-state complexes. We therefore 
employ photothermal deflection spectroscopy (PDS) to investigate the absorption 
edge with higher sensitivity. In Fig. 2.9, the PDS spectra for F8BT, PFB, and a 
10:90 F8BT:PFB blend are plotted. No subbandgap absorption features can be ob¬ 
served. We therefore conclude that there are no ground-state interactions and the 
observed red emission is solely due to an excited-state complex. 

The absence of an absorption cross section for the exciplex means that it cannot 
be excited optically. Instead, an exciplex is formed by complexation of a ground- 
state molecule with an excited-state molecule, i.e. by Dexter-type energy transfer 
from a bulk exciton. Figure 2.10 plots the photoluminescence excitation spectra 
of the PFB, the F8BT, and the exciplex emission, all measured from the same 
50:50 PFB:F8BT blend. The PLE signature of the exciplex is a superposition of 
those of the two excitons. Hence, the exciplex is excited via energy transfer 
from the two bulk excitons. 
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Fig. 2.10 Photoluminescence excitation spectra 
of a PFB:F8BT blend. The detection wavelengths 
are 465 nm (black), 540 nm (red), and 600 nm 
(green), corresponding to the PFB and F8BT 
exciton emissions and the exciplex emission, 
respectively. The exciplex spectrum resembles a 
superposition of the two exciton spectra, pointing 
towards indirect excitation of the exciplex via 
transfer from the excitons. The spectra were taken 
using a SpexNova spectrofluorimeter and are not 
corrected for the spectral response. 



Time (ns) 


Fig. 2.11 Photoluminescence decays of PFB (black 
curve, detection wavelength 450 nm)), F8BT (red and 
gray curves, detection at 540 nm and 620 nm, 
respectively), and a PFB:F8BT blend (green curve, 
detection at 620 nm). 


Exciplexes have charge-transfer character and hence a small electron-hole over¬ 
lap. This reduces the oscillator strength of the exciplex and, if nonradiative pro¬ 
cesses are not dominant, lengthens its photoluminescence time constant. 
Figure 2.11 shows the PL decay measured from a PFB:F8BT blend together 
with those of the pure polymers. In the blend a delayed emission is visible that 
is absent in the pure polymers and has a time constant of 45 ns (when fitted be¬ 
tween 30 and 90 ns). This is the long-lived exciplex state. 

At short times the decay from the blend is faster than that from the pure 
polymers. This is due to the energy transfer from the excitons to the exciplex, 
as well as the charge separation that excitons undergo at the heterojunction. In 
Section 2.3.1 we investigate these phenomena and develop a model for charge 
generation and exciplex formation at the heterojunction. 

The appearance of the new, red, long-lived exciplex emission becomes even 
more obvious when plotting three-dimensional, time-resolved emission spectra 
(TRES). Figure 2.12 shows that the PL emission of the pure polymers decays 
monoexponentially with no spectral changes throughout their lifetime, whereas 
the blend PL evolves into the red exciplex peak. 

We have shown via absorption, PL, morphology-dependent PL, PDS, photolu¬ 
minescence excitation, and time-resolved photoluminescence spectroscopy that 
exciplexes form at the PFB:F8BT heterojunction. We note that exciplexes of poly- 
fluorenes with triphenylamine monomers have been observed recently [34]. 
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Fig. 2.12 Time-resolved emission spectra of PFB, F8BT and a PFB:F8BT blend. The long-lived 
exciplex appears upon blending of the two polymers. 


Fig. 2.13 Photoluminescence spectra of TFB 
F8BT and a TFB:F8BT blend. 
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2.1.4.3 The TFB:F8BT Exciplex 

Fig. 2.13 shows the PL emission of a TFB:F8BT blend together with those of the 
single components. In the blend, the TFB emission is quenched completely due 
to even more efficient energy transfer than in the PFB:F8BT case. The blend PL 
closely resembles the F8BT exciton, with a slight enhancement of the red part of 
the spectrum. We show that this is due to an underlying exciplex state. 
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Fig. 2.14 Time-resolved emission spectra of similar samples as in Fig. 2.13. The long-lived 
exciplex appears upon blending. 


When investigating the PFB:F8BTexciplex, we have seen that time-resolved spec¬ 
troscopy provides a sensitive tool to detect long-lived exciplex states. In Fig. 2.14, we 
now consider time-resolved spectra of the TFB:F8BT system and this blend also 
exhibits a new delayed emission not seen in the pure components. This emission 
is spectrally very similar to the F8BT exciton (which explains why it is difficult to see 
in CW spectroscopy) but has a much longer lifetime (—27 ns when fitting the decay 
at 575 nm between 30 and 90 ns). Therefore, a new electronic state has to be re¬ 
sponsible for it. In analogy to the PFB:F8BTsystem, we postulate that this new state 
is an exciplex that forms at the TFB:F8BT heterojunction. 

From Fig. 2.14 we also see that at early times both the TFB and the F8BT exci- 
tons decay faster in the blend than in the pure polymers. As pointed out for the 
PFB:F8BT case above, this is because of efficient energy transfer from the excitons 
to the exciplex state. The exact process is investigated in Section 2.3.1. 

The hypothesis of a TFB:F8BT exciplex is also supported by the annealing experi¬ 
ments shown in Fig. 2.15. The exciplex disappears when annealing causes the poly¬ 
mers to phase separate. We also see that the exciton decays slow down, as would be 
expected for a decreased transfer to the exciplex. 
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Fig. 2.15 Time-resolved emission spectra of a TFB:F8BT blend before and after annealing for 
2.5 h at 314 °C. When annealing the film, the delayed exciplex emission disappears. The data are 
not corrected for the spectral response of the TCSPC apparatus. 


When investigating the PFB:F8BT system above we also used photolumines¬ 
cence excitation spectroscopy to directly show the energy transfer to the exciplex. 
This is not possible here because of the very similar emission spectra of the F8BT 
exciton and the long-lived exciplex emission. The reasons for this similarity will 
be discussed in Section 2.2. We therefore conclude that the heterojunction be¬ 
tween TFB and F8BT also supports exciplex formation. 


2.1.4.4 The F8:PFB Exciplex 

In Fig. 2.16, the PL emission spectra of the pure polymers F8 and PFB are com¬ 
pared with a F8:PFB blend. In the blend, efficient PFB emission obscures the 
weak F8 emission but no additional emission peaks are visible in these CW spec¬ 
tra. Figure 2.17 compares the time-resolved PL decays of the pure polymers with 
that of the blend. The pure polymers show almost monoexponential decays over 
three orders of magnitude with 590 ps (F8) and 1.7 ns (PFB) lifetimes. In the 
blend, the fast excitonic decay is observed as well, but in addition a long-lived 
emission with a lifetime of roughly 26 ns (when fitted in the 30 to 90 ns window) 
is detected. 

In Fig. 2.18, the full time-resolved spectrum of the blend is drawn. Clearly, a 
distinct, long-lived excited-state exists in the blend, which is particularly obvious 


Fig. 2.16 Photoluminescence spectra of F8, 
PFB and a F8:PFB blend. 
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Fig. 2.17 Photoluminescence decays of F8, 
PFB and a F8:PFB blend (weight ratio 90:10, 
spun from Chloroform) detected at 475 nm. 
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Fig. 2.18 Time-resolved emission spectra a 90:10 F8:PFB blend at room temperature and at 


25 K. 


from the low-temperature measurement. Again, we postulate that this emission is 
due to an exciplex at the F8:PFB interface. The effect is — 1 order of magnitude 
weaker here than in the TFB:F8BT blend in Fig. 2.15. The simplest explanation 
for this would be to assume a smaller density of heterojunctions in the F8:PFB 
blend. This could, for example, be caused by a lower miscibility of the two com¬ 
ponents. 


2.1.4.5 No F8:TFB Exciplex? 

The last type-II heterojunction system that we consider is the blend of F8 and 
TFB. Time-resolved spectroscopy has proved to be the most sensitive tool to detect 
exciplex states in polymer blends and we show corresponding spectra for two dif¬ 
ferent blend ratios in Fig. 2.19. No long-lived, red-shifted emission is visible at all. 
This is surprising because we have seen that both TFB and F8 are exciplex-form- 
ing molecules, i.e. significant orbital overlap between the two molecules should 
be possible. In the following section, we derive that the energetic conditions for 
exciplex formation are not met in the F8:TFB system - despite its type-II charac¬ 
ter. 
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Fig. 2.19 Time-resolved emission spectra of F8:TFB blends of different weight ratios as given 
in the figure. No exciplex emission is detected. 


2. 1.4.6 Comparison with Model: a Reason that there is no Exciplex in F8:TFB 

We now compare the experimental results from the previous section with the 
standard exciplex theory developed previously. We note again that these models 
have been developed for molecular systems in solution. 

We remind the reader of Eq. (2.12), which describes the dependence of the ex¬ 
ciplex emission energy Ex on the difference of the oxidation potential of the 
donor, Fgf and the reduction potential of the acceptor, 

E x = F° x - E Y f - B (2.14) 

where B stands for the exciplex binding energy C corrected for the solvation free 
energy associated with exciplex formation and was found empirically (for solution 
systems) to be 


B = 0.15 ± O.lOeV (2.15) 

In order to compare with experiment, we derive Ex from the exciplex peaks of the 
delayed PL in Figs. 2.12, 2.14, and 2.18 (see also Figs. 2.23, and 2.27 in the follow¬ 
ing section). E gf and £^ ed are nothing else than the HOMO and LUMO levels that 
were given in Fig. 2.5. In Fig. 2.20, the experimental data are plotted together with 
a fit according to Eq. (2.14) using B as the only fit parameter. The data agrees well 
with the theory (we note that the slope of 1 as required by Eq. (2.14) is well repro¬ 
duced) and the fit yields B = 0.067 eV, which is within the boundaries given by 
Eq. (2.15). Neglecting “solvation” effects, this gives a rough estimate for the exci¬ 
plex binding energy C 


C ~ B = 0.067 eV 


(2.16) 
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Fig. 2.20 Exciplex photoemission energy Ex 
plotted versus the difference between the oxi¬ 
dation potential of the donor E£> x and the re¬ 
duction potential of the acceptor E^ ed (i.e. the 
difference between HOMO and LUMO). Shown 
are results for PFB:F8BI TFB:F8Bf F8:PFB, and 
PFB:F8T2. The straight line is a fit to the data 
according to Eq. (2.14) and yields B=0.067eVTo 
reflect the inhomogeneous broadening of Ex, 
error bars representing 1/4 of the estimated 
FWHM of the exciplex peak were introduced. 
The HOMO and LUMO levels were measured 
with an error of ± 0.03 eV (see Section 2.1.4), 
which gives an error of 0.04 eV for Ep x — E^ ed , 
and corresponding x-error bars are drawn. 


We have shown that all of the polyfluorene exciplex systems found in the previous 
section follow Eq. (2.14) and Eq. (2.15) and hence that these equations are also 
valid for exciplexes in solid-state polymer systems. This enables us to predict 
the emission energy a possible F8:TFB exciplex would have. From Fig. 2.5 we 
derive: £j| b - Fp| d = 3.06 eV. Hence, the emission energy of the F8:TFB exciplex 
would be E x = F£| B - £p| d - B = 3.06 - 0.067eV = 2.99eV, which corresponds to 
an emission wavelength Ax of 415 nm. From Fig. 2.13 we see that this is below 
the emission maximum of the TFB exciton emission. We described (Fig. 2.3) 
that the exciplex energy level F excip i ex with respect to the system ground-state dif¬ 
fers from Ex by the energy of geometrical relaxation AE re \ ax . Hence, here we 
surely expect F exdp i ex > Fexdton- The band offsets at the F8:TFB heterojunction 
are not large enough to offset the —0.4 eV loss of Coulombic binding energy. 
That is, exciplex formation in blends of F8 and TFB is inhibited due to energetic 
reasons - though the two constituent molecules are known to be exciplex forming 
in principle. 

In summary, we find exciplex states at all polyfluorene heterojunctions where 
the energetic conditions are met. We therefore consider it a universal property 
of polyfluorene semiconductor polymers. Given that excimer and aggregate for¬ 
mation are very commonly seen in polymeric semiconductors (see [35] for a re¬ 
view), we consider exciplex formation to also be common, not only in polyfluor- 
enes. As shown in Figs. 2.14 and 2.18 and elaborated in the following section, ex¬ 
ciplex formation is not always evident from steady-state PL measurements. Hence 
it might occur more often than usually assumed. The following sections are con¬ 
cerned with the effects of exciplex formation on the two fundamental processes 
occurring in optoelectronic devices, charge capture and exciton dissociation. 
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2.2 

Charge Capture at Polymer Heterojunctions 

This section focuses on the mechanism of electron-hole capture at the hetero¬ 
junction between two semiconductor polymers. In particular, the implications 
of exciplex formation at the interface are discussed. We show that the exciplex 
state makes possible a new pathway of electron-hole capture, which we termed 
“barrier-free capture”. In Section 2.2.1, this is investigated in detail for the 
PFB:F8BT and TFB:F8BT heterojunctions and in Section 2.2.2 we show that 
the F8:PFB interface also exhibits similar phenomena. These investigations are 
mainly carried out by considering the photoluminescence spectra of simple poly¬ 
mer blend films. In Section 2.2.3, we compare the electroluminescence spectra 
seen from polymer bilayers and blends at various temperatures and thereby 
give more direct evidence for the barrier-free capture mechanism. Finally, in 
Section 2.2.4, we establish the voltage and temperature regime in which bar¬ 
rier-free capture occurs. 

2.2.1 

Barrier-free Electron-Hole Capture in Polymer Blend LEDs 

We show that polymer blend light-emitting diodes can be optimized to achieve high 
efficiencies (above 19lmW -1 ) and very low turn-on voltages (100 cdm -2 at 2.1V). 
This very low voltage operation is achieved because electron-hole capture across the 
heterojunction is arranged to be a barrier-free process where capture occurs directly 
into the interfacial exciplex state. This is possible because the exciplex has charge- 
transfer character but is lower in energy than the charge-separated state. We show 
that the exciplex can be thermally excited and transfer towards the bulk exciton 
state. The barrier for thermal excitation is small (100-250 meV) and this process 
can give efficient bulk exciton emission at room temperature. 

We investigate the properties of two different type-II heterojunction systems 
that sit on either side of the exciton destabilization threshold: blends of the 
hole-accepting TFB with the electron-accepting F8BT that show excellent LED per¬ 
formance (see below) and blends of the hole-accepting PFB with F8BT that make 
poor LEDs but show promise for use as photovoltaic diodes [27]. These and re¬ 
lated polymers have been used extensively for LEDs [10, 26, 36]. 

Time-resolved PL measurements were carried out using time-correlated single¬ 
photon counting (TCSPC). Time-integrated PL and EL measurements were per¬ 
formed using the TCSPC apparatus in time-integrated mode. The temperature 
was controlled using an Oxford Instruments OptistatCF Helium cryostat. 

In Fig. 2.21, micrographs of the PL and EL emission from the same region of a 
TFB:F8BT blend device are shown. The polymer film was spun from xylene solu¬ 
tion, so that distinct phases rich in either of the polymers of several pm in size are 
seen. Comparison of the PL and the EL images reveals that EL emission is pre¬ 
dominantly produced at the interfaces between the TFB-rich and F8BT-rich 
phases. This is consistent with electron-hole capture occurring at the interface. 
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Fig. 2.21 Optical microscopy images of 
photoluminescence, PL, and electrolumines¬ 
cence, EL, from the same region of a TFB:F8BT 
light-emitting diode (80-nm polymer layer 
spun from xylene solution at a weight ratio of 
50:50). The EL image was measured at a for¬ 
ward voltage of 2.9 V and the PL image was 
obtained by exciting in the blue spectral region 
using a color-filtered Hg lamp. Note that the 


bright regions in the PL image are therefore 
from the green-emitting F8BT-rich phase, and 
the dark regions from the TFB-rich phase. In 
the EL image, strong emission is observed at 
the interfaces between these two phases, and 
weaker emission is observed from regions of 
the pure phases. The dotted circles pick out 
two regions where this is readily observed. The 
phases visible in the film are a few pm in size. 


The current-voltage-luminance characteristics of LEDs made with these blends 
are shown in Fig. 2.22. TFB:F8BT devices show yellow-green emission with very 
low threshold voltages for light emission (below 2 V), standard display bright¬ 
nesses of 100cd/m 2 at 2.1V, with efficiencies above 19lm/W, and very bright op¬ 
eration at higher voltages. These devices show excellent stability under operation 
(many thousands of hours at room temperature). Diodes made with PFB in place 
of TFB show much lower light outputs, though similar current densities in the 
forward direction. 

The very low threshold voltage is surprising given the type-II nature of the 
heterojunction. An important reason for this is that in these systems electron- 
hole capture at the heterojunction does not require prior injection of one of the 
charges into the opposite polymer (via thermionic injection or tunnelling) - a pro¬ 
cess that is depicted in Fig. 2.1(a). Instead, charge capture occurs directly across 
the interface to produce the neutral state (Fig. 2.1(b)). This state is directly acces¬ 
sible from the charge-separated state because it is localized at the hetero junction 
and has significant charge-transfer character and therefore direct overlap with the 
charge-separated state. Furthermore, it is stabilized with respect to the charge- 
separated state through conformational relaxation. As described previously in 
this chapter, such interface states are often termed exciplexes [34, 37-47]. 

We have introduced exciplex states in Section 2.1 and shown that they form in 
both polymer blend systems discussed here. Time-resolved spectroscopy has pro¬ 
ven to be a useful tool to investigate exciplex states and in Figs. 2.23 (a) and 
2.23(b) we again display time-resolved emission spectra of blends of TFB:F8BT 
and PFB:F8BT, respectively. For better illustration of the spectral time evolution, 
we plot 2-D spectra representing subsequent time intervals instead of full 3-D 
graphs as were shown previously. At short times (0-10 ns after excitation) F8BT 
exciton emission is predominantly observed (peaked at 540 nm), whereas at long¬ 
er times the long-lived, red-shifted exciplex emission becomes visible. This de- 
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Fig. 2.22 Current-voltage- 
luminance characteristics for 
TFB:F8BT and PFB:F8BT light- 
emitting-diodes (current: solid 
lines, luminance: dotted lines) 
with 40:60 (gray lines) and 20:80 
(black lines) blend composition 
(by weight) respectively. As indi¬ 
cated, some of the devices had a 
thin (4nm) LiF interlayer between 
the polymer film and the Ca 
cathode. Optimization and l-V-L- 
measurements courtesy of Cam¬ 
bridge Display Technology Ltd., see also [13]. The devices were constructed with a poly 
(70 nm) that was spun from xylenes solution with weight ratios as given in the figure 
cathodes were either Ca (70 nm) or LiF (4nm)/Ca (20 nm). 



mer film 
and the 



500 525 550 575 600 625 
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Fig. 2.23 a and b, Time-resolved photolumi¬ 
nescence (PL) spectra of blends ofTFB and 
F8BT at 1 72 l< (a) and PFB and F8BT at 260 l< 
(b) (170nm films spun from chloroform solu¬ 
tion, weight ratio 50:50). The time intervals 
over which the photoluminescence was inte¬ 
grated are shown in the figures (spectra are 
normalized to 1 ns). For long delays (greater 
than 30 ns) the emission spectra do not evolve 
further and the decay becomes monoexpo¬ 
nential with 51 ns (a) and 57 ns (b) time con- 



500 550 600 650 700 


Wavelength (nm) 

stant. c and d, Temperature-dependent, time- 
resolved photoluminescence spectra of the 
same blends as (a) and (b) integrated over 
50-80 ns. The temperatures at which the 
spectra were taken are indicated in the figure. 
The F8BT exciton emission was measured by 
integrating the photoluminescence for delays 
of 0-1 ns (at 310 l< (c) and 331 l< (d)). At these 
times the exciton emission is still dominant 
over the exciplex emission. For comparison, 
also the EL spectra from Fig. 2.24 are shown. 
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TFB::FSBT PFB:F8BT Fig. 2.24 Comparison 

of time-integrated PL 
and EL from TFB:F8BT 
(a) and PFB:F8BT 
blends (b) spun from 
Xylene solution (weight 
ratio 50:50, thickness 
80 nm). The electrolumi¬ 
nescence was measured 
at 2.3 V (a) and 1.9 V (b) 
forward bias. 

W^velengih (nm) Wavelength (nm) 



layed emission is not observed in pure films of either polymer, which show mono¬ 
exponential decays with lifetimes <3 ns. The blue emissions of the TFB (PFB) 
bulk excitons, peaked at 435 nm (455 nm), are not shown in the figure since 
they decay completely within the first few nanoseconds. 

Whereas under photoexcitation the exciplex is excited indirectly via energy 
transfer from the excitons, it is the primary neutral excitation in electrolumines¬ 
cence. This is shown in Fig. 2.24, parts (a) and (b), where the EL emission for 
both TFB and PFB blends is dominated by the exciplexes. This becomes particu¬ 
larly clear when comparing the EL spectra with the delayed emission spectra in 
Fig. 2.23, parts (c) and (d). In contrast, the time-integrated PL from similarly pre¬ 
pared blend films (also plotted in Fig. 2.24) is primarily due to bulk excitons. We 
note that exciplex EL emission has been observed previously, which suggests that 
these exciplexes may also be formed by the mechanism of direct electron-hole 
capture at the interface [37, 41, 42]. 

Figures 2.23 (c) and (d) show the spectral dependence of the photolumines¬ 
cence integrated over 50-80 ns after excitation as a function of temperature. At 
these times the initial bulk exciton population has completely decayed and all 
the remaining emission originates from the long-lived exciplex states. We see at 
low temperature emissions red-shifted by about 140 ± 20 meV (TFB:F8BT) and 
360 ± 30 meV (PFB:F8BT), and these are characteristic of the exciplex. At higher 
temperatures the long-lived exciplex can be thermally excited to form an F8BT ex¬ 
citon that then can diffuse away from the heterojunction and the emission of 
F8BT rises at the blue edge of the exciplex. Similar 'endothermic transfer 7 has 
been shown for intramolecular exciplexes [48], for excimers [49] and for phosphor¬ 
escent LEDs [50]. We emphasize again that the delayed F8BT exciton emission ob¬ 
served here is not seen in the pure polymers. The ratio of delayed F8BT exciton 
emission to exciplex emission is a thermally activated process with activation en¬ 
ergy 100±20meV (TFB:F8BT) and 250±50meV (PFB:F8BT), respectively (see 
Arrhenius plot in Fig. 2.25). These activation energies are lower than the spectral 
shifts of the exciplexes, which is due to the configurational relaxation of the exci¬ 
plexes as is explained in detail on Section 2.1. Later in this section, we will show 
that temperature-dependent EL spectra are similar to the time-delayed PL spectra 
shown in Fig. 2.23, with similar thermal activation from exciplex to bulk exciton 
(see Section 2.2.3). A major contribution to the EL emission from the TFB-blend 
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Fig. 2.25 Delayed F8BT exciton fluores¬ 
cence from the TFB:F8BT (squares) and 
PFB:F8BT (circles) blends from Fig. 2.23(c) 
and (d) versus inverse temperature (detec¬ 
tion wavelength 520 nm). The data was 
calculated from the spectra of Fig. 2.23 by 
assuming negligible back-transfer at the 
lowest temperatures. Subtracting the 172 l< 

(TFB:F8BT) and 250 K (PFB:F8BT) spectra 
from the higher-temperature spectra then 
yields an estimate for the delayed exciton 
emission. The straight lines are Boltzman 
fits with activation energies of 99 meV 
(TFB:F8BT) and 263 meV (PFB:F8BT). Eva¬ 
luation at all wavelengths between 500 and 
540 nm gives estimates for the back-trans¬ 
fer activation energies of 100 ± 20 meV and 
250 ± 50 meV 

LEDs is from excitons in bulk F8BT that had been thermally excited from 
interfacially trapped exciplexes. We note that endothermic excitation rates of 
10 8 Hz are readily achieved at room temperature considering that 
exp[-0.25 eV/(k B 300 K)] « 10 -4 and vibronic attempt frequencies are typically of 
order 10 12 Hz and higher. Also, similar activation energies have been found for 
comparable processes [48, 49]. 

We have introduced a mechanism for barrier-free electron-hole capture that can 
be described as 'reverse photoinduced charge transfer 7 . In contrast to photoin- 
duced charge transfer, the neutral excited-state (the exciplex) here is lower in en¬ 
ergy than the charge-separated state. We note that photoinduced charge transfer 
can be a very rapid and efficient process, resulting from overlap of wavefunctions 
of neutral and charge-separated states [51], and we consider that exciplex forma¬ 
tion from electron and hole either side of the heterojunction should be similarly 
rapid. For EL operation, however, in addition to the correct selection of the hetero¬ 
junction energetics, we need coincidence of electron and hole opposite one 
another across the heterojunction. Without lateral motion of electrons and/or 
holes in the plane of the hetero junction this would be an infrequent 
occurrence [52]. Therefore this lateral motion of the charges within their mutual 
electric fields will indeed be the rate-limiting step for capture. Greenham and 
Bobbert [53] have performed numerical simulations of charge densities in work¬ 
ing LEDs, using this model (see Fig. 2.26). They find that high current densities 
can be supported, and that local charge densities can be considerably lower than 
those modeled to be present when carriers are required to surmount the hetero¬ 
junction barrier prior to capture [54, 55]. Lower charge densities are expected to 
lead to reduced polaron quenching and hence higher LED efficiencies. 

Our measurements of thermal activation to allow energy transfer from the ex¬ 
ciplexes into the F8BT bulk provide an estimate of their energy relative to the 
transition state and to a first approximation relative to the exciton state. Further¬ 
more, TFB:F8BT gives very high EL efficiency (and poor photovoltaic perfor- 
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a) Capture via charge injection 


b) Barrier-free capture 
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Fig. 2.26 Modelled carrier densities and electric fields in a cathode/F8BT(50 nm)/ 

TFB(50 nm)/anode device assuming charge capture via charge injection (a) and barrier-free 
capture into an exciplex (b). When assuming barrier-free capture, much lower electric fields and 
charge densities are required at the heterojunction. Graph copied directly from [53]. 


mance), whereas PFB:F8BT gives poor EL efficiency (Fig. 2.22), but efficient 
photovoltaic performance. We consider therefore that the fully charge-separated 
state lies above or close to the energy of the F8BT exciton for TFB:F8BT, but 
below for PFB:F8BT. The interplay of charge-separated, exciplex and exciton states 
is further elaborated in Section 2.3. 

In Section 2.1.1, we considered the nature of triplet exciplexes to range from 
delocalized excitations with small exchange energy, to highly localized triplet ex¬ 
citations residing primarily on one or other side of the heterojunction [25, 56, 57]. 
The formation of the exciplex should control spin-singlet (versus triplet) forma¬ 
tion probability in these blend LEDs, and this will have considerable impact on 
the overall device efficiency (since triplet excitons do not result in radiative emis¬ 
sion in these materials) [58]. We note that the singlet yield in TFB:F8BT has been 
found to be unexpectedly high [59] and this requires further understanding. 

In summary, we show that a new mechanism in hetero junction LEDs, 'reverse 
photoinduced charge transfer’, allows barrier-free electron-hole capture and 
hence low-voltage, high-efficiency operation of polymer blend diodes. The trap¬ 
ping of the exciton at the hetero junction to form a spectroscopically distinct 
state (the exciplex) here provides direct evidence for this process. We note that 
electrons and holes are confined to the electron- and hole-transporting semicon¬ 
ductors, respectively, and that this is desirable for long-lived device operation [60]. 
These device structures and device-operation mechanisms allow very efficient 
LEDs to be processed conveniently, by simple solution-processing techniques 
such as ink-jet printing. Though we have addressed just two materials systems 
here (suitable for green to red emission), we can extend to other materials sys¬ 
tems, in particular to the blue-emitting F8:PFB exciplex system discussed in 
the next section. 
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We show that the exciplex states that form at the interface between F8 and PFB 
can be thermally excited to form bulk excitons. This is observed as delayed PFB 
exciton emission in time-resolved photoluminescence measurements. These find¬ 
ings are analogous to those presented for PFB:F8BT and TFB:F8BT interfaces in 
the previous section and therefore support the generality of the phenomenon of 
endothermic exciplex-to-exciton energy transfer in polyfluorene blends. 

In Section 2.1.4.4 we have shown that exciplex formation also occurs in blends 
of PFB with F8. We further characterize this system by considering time-resolved 
emission spectra for different film temperatures, as we have done for the 
PFB:F8BT and TFB:F8BT systems in Fig. 2.23. An example, taken at 150 K, is 
shown in Fig. 2.27(a). At short times (0-15 ns after excitation) PFB exciton emis¬ 
sion, peaked at 455 nm, is predominantly observed together with some weak F8 
exciton emission at 425 nm. At longer times the spectrum evolves into a red- 
shifted, broad peak at 475 nm that does not show any vibronic structure. For 
times > 30 ns there is no further spectral evolution and the decay is found to 
be roughly monoexponential with 41ns decay constant. As already shown in 
Fig. 2.17, this long-lived, red-shifted emission is not observed in the pure poly¬ 
mers and is due to exciplex states that form at the F8:PFB heterojunction. 

Figures 2.27(b) shows the spectral dependence of the long-time photolumines¬ 
cence integrated over 30-90 ns after excitation as a function of temperature. At 
these times the initial exciton population has completely decayed and all the re¬ 
maining emission originates from the long-lived exciplex states. At low tempera¬ 
tures, we see the red-shifted emission characteristic of the exciplex. For higher 
temperatures, however, the emission spectrum increasingly acquires excitonic 


Fig. 2.27 (a) Time-resolved photolumines¬ 

cence spectra of an F8:PFB blend (weight 
ratio 50:50, spun from chloroform) at 150 K. 
The time intervals over which the PL was in¬ 
tegrated are shown in the figures. For long 
delays (greater than 30 ns) the spectra do not 
evolve further and the decay becomes mono¬ 
exponential with 41-ns time constant. 

(b) Temperature-dependent time-resolved PL 
spectra of the same blend as in (a) integrated 
over 30-90 ns. The temperatures at which the 
spectra were taken are indicated in the figure. 
The PFB exciton emission was measured by 
integrating the blend’s PL for delays of 0-1 ns 
(at 310 l<). 
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1Q00/T (1/K) 

Fig. 2.28 Delayed PFB exciton fluorescence emission. The straight lines are Boltzman fits 

from the F8:PFB blend from Fig. 2.27 versus with activation energies of 117 meV (420 nm) 

inverse temperature for the detection wave- and 86 meV (435 nm) (This variation with de¬ 

lengths 420 nm (squares) and 435 nm (circles), tection wavelength is considered to arise from 
The data was calculated from the spectra of unknown changes of the exciplex spectrum 
Fig.2.27(b) by assuming negligible back- with temperature, see also Section 2.4.). Eva- 

transfer at 150 K, i.e. the 150 l< spectrum to luation at all wavelengths between 410 and 

represent only exciplex emission. Subtracting 450 nm gives an estimate for the back-transfer 
this from the higher temperature spectra then activation energy of 100±20meV 
yields an estimate for the delayed exciton 


character. This is because the long-lived exciplex can be thermally excited and trans¬ 
fer towards the bulk PFB exciton that then diffuses away from the heterojunction 
and emits. Thereby a population of 'secondary 7 PFB excitons that are generated 
from the exciplex population is produced (see Section 2.3.1 for more on secondary 
excitons) and the emission of PFB rises at the blue edge of the exciplex. The PFB 
exciton emission as a fraction of the total emission is a simple thermally activated 
process with activation energy 100±20meV (see Arrhenius plot in Fig. 2.28). 
As was the case for the two other exciplex systems investigated above, the activation 
energy is again slightly lower than the exciplex 7 s spectral red-shift of 120 ± 20 meV, 
which is due to the configurational relaxation of the exciplex. 

We have shown that endothermic transfer from the exciplex to the bulk exciton 
occurs in the F8:PFB blends. This is consistent with the findings presented in the 
previous section. We conclude that not only exciplex formation, but endothermic 
transfer to the exciton is also a universal property of polyfluorene hetero junctions. 

2.2.3 

Barrier-free Capture in Polymer Bilayer LEDs at Low Temperatures 

The analysis in Section 2.2.1 was based on the investigation of polymer blend 
films and LEDs. These are, while being convenient to manufacture, rather 
badly defined structures and hence not ideal to investigate new physical phe¬ 
nomena. In strongly phase-separated blends, high leakage currents (e.g. 
~400mA/cm 2 at 3 V for 50:50 PFB:F8BT blends spun from xylene) disturb the 
electric fields in the device and cause significant device heating that in turn 
makes the emission spectra voltage dependent (this is discussed in detail in 
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Section 2.2.4). These difficulties are not encountered for well-mixed polymer 
blends. However, we find that in well-mixed blends even the photoluminescence 
spectra are dominated by exciplex emission (see e.g. Fig. 2.7) and hence the char¬ 
acteristic exciplex enhancement in EL (as was shown in Fig. 2.24) is hardly seen. 
This means that in these blends the spectral shape of the electroluminescence 
would be independent of whether process (a) or (b) in Fig. 2.1 occurs because ex- 
citons could quickly transfer towards a nearby interface site. In well-mixed blends 
it is therefore impossible to show that the exciplex is the primary product of 
charge capture and hence to prove that barrier-free capture occurs. We address 
these concerns here by presenting electroluminescence measurements from bi¬ 
layer light-emitting diodes, where leakage currents are prevented, while a low 
density of interface sites (in fact the lowest possible) is maintained. 

In Section 2.2.1, we have shown the endothermic transfer from the exciplex to 
the exciton using temperature-dependent photoluminescence spectroscopy. How¬ 
ever, this process is crucial for the argument that high electroluminescence efficien¬ 
cies can be achieved via the barrier-free process. Here, we present temperature-de- 
pendent electroluminescence data and thereby provide more direct evidence of 
the ideas proposed in Section 2.2.1. We note that these experiments are not trivial 
because the lower charge carrier mobility at lower temperatures strongly 
decreases the light output if the driving voltage is not altered. A constant, low vol¬ 
tage on the other hand is desirable since at high voltages the device is simply 
“flooded” with charge carriers and the heterojunction barriers play only a 
minor role (see Section 2.2.4). 

By investigating bilayer and blend light-emitting diodes at different tempera¬ 
tures we give conclusive evidence that barrier-free capture is the only capture 
mechanism occurring at the hetero junction between PFB and F8BT (at moderate 
voltages). 

The bilayer devices were prepared using ethylene bis(4-azido-2,3,5,6-tetra- 
fluorobenzenesulfonamide) as a deep-UV crosslinker as described elsewhere 
[61]. The crosslinking occurs via a nonspecific nitrene insertion into alkyl C-H 
(and aromatic C-H) bonds and therefore does not affect the primary conjugation. 
The first layer (40 nm) was prepared by spin coating from a xylene solution con¬ 
taining both PFB and the crosslinking reagent in a weight ratio of 98:2 onto an 
oxygen-plasma-treated indium tin-oxide (ITO) substrate coated with a 30-60 nm 
hole-injection layer (poly(4-styrenesulfonate)-doped poly(3,4-ethylnenedioxythio- 
phene), PEDOT:PSS 1:16 in H 2 0). The PFB was then crosslinked by UV-exposure 
and the second layer (80 nm) spun on top of the first from a xylene solution of 
F8BT. For comparison, an F8BT-only device was spun from a similar solution. 
The crosslinking technique forms a PFB/F8BT bilayer with a well-defined inter¬ 
face, and was shown to have a negligible effect on the transport properties as 
well as the PL and EL emission spectra of the PFB [61]. Single-layer, PFB-only 
and polymer blend LEDs were produced by spin coating 170-nm films from com¬ 
mon chloroform solution onto a PEDOT:PSS / ITO substrate. For all devices, 
cathodes were formed by thermal evaporation of Ca (60 nm) and encapsulated 
with a thick A1 overlayer. 
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Fig. 2.29 (a) PL spectra taken from PFB and F8BT 

single layer LEDs and from a PFB/F8BT bilayer LED 
by optically exciting through the ITO anode. 

(b) EL spectra from the same devices (Biases 
applied were 6 V for PFB, 5 V for F8BTand 3.2 V for 
the PFB/F8BT bilayer). All measurements were 
done at room temperature. 


For EL, the devices were driven under constant forward bias (Ca negative with 
respect to PEDOT:PSS / ITO) and their emission was recorded using an Oriel 
InstaSpec IV spectrograph. The temperature was varied using a continuous- 
flow He cryostat (Oxford Instruments OptistatCF). For PL, the devices were opti¬ 
cally excited through the ITO anode using a 407-nm pulsed diode laser (Pico- 
Quant LDH400). 

Figure 2.29(a) compares the PL emission from a PFB/F8BT bilayer with that 
from the pure polymers. The bilayer spectrum is a simple superposition of the 
PFB and F8BT exciton features. Figure 2.29(b) shows EL spectra taken from the 
same devices. Unlike the PL case, electrical excitation of the bilayer yields mainly 
the red-shifted exciplex emission (centered around 650 nm [13,14]), while the F8BT 
exciton emission is strongly suppressed, and the PFB exciton is completely absent. 
This agrees with the concept of barrier-free charge capture as depicted in Fig. 2.1(b). 
The neutral states generated through electrical excitation are the interfacial ex¬ 
ciplex states, not the bulk excitons that are generated in optical excitation. This 
leads to a strong enhancement of the exciplex emission in EL with respect to PL. 

However, as we have shown previously (refs. [13, 14]), significant exciplex PL 
can be observed in blends of PFB and F8BT, and, in these structures, the exciplex 
emission is only modestly enhanced in EL. Generally, PL emission from exci- 
plexes is possible because they can be excited via energy transfer from photoex- 
cited bulk excitons that migrate towards interface sites. This effect is stronger 
in a well-mixed blend that has a much higher density of interface sites than a bi¬ 
layer. In the time-integrated PL spectra in Fig. 2.29(a), no exciplex PL can be iden¬ 
tified. However, even in the bilayer, a small density of exciplexes is still excited via 
transfer from the photogenerated excitons and this can be seen in time-resolved 
PL measurements. Fig. 2.30 shows the PL decay measured at 650 nm from the 
same bilayer device as in Fig. 2.29. For comparison, similar decay curves are 
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Fig. 2.30 Photoluminescence decays at 650 nm of the 
PFB/F8BT bilayer LED and the F8BT-only LED from 
Fig. 2.29 as well as the PFB:F8BT blend LED from Fig. 2.31. 
The long-lived exciplex emission is clearly visible in both 
the blend and the bilayer data but its relative intensity is 
much lower in the bilayer device. An exponential fit of the 
delayed emission between 30-90 ns yields 51.5 and 
38.7 ns for the blend and the bilayer device, respectively. 



Time (ns) 


Fig. 2.31 EL spectra of the same PFB/F8BT bi¬ 
layer LED as in Fig. 2.29 at 3.2 V applied bias 
measured at different temperatures. Because of the 
high noise level, the 209 l< graph was truncated for 
wavelengths below 480 nm. 
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shown for the F8BT-only device as well as for a polymer blend device exhibiting 
strong exciplex formation (see below). For short times (0-10 ns), the decay of the 
bilayer PL is dominated by the F8BT exciton emission. For longer times (> 20 ns), 
the bilayer PL shows a slowly decaying emission very similar to that observed 
from the blend. This is the long-lived exciplex emission as was shown previously. 
The exciplex decay in the bilayer is faster than that observed from the blend sam¬ 
ple. This is due to exciton retrapping, as will be explained in Section 2.4. 

Apart from the dominant exciplex PL, the bilayer EL spectrum in Fig. 2.29(b) 
still contains some F8BT exciton emission that is visible as a yellow-green 
shoulder of the red exciplex peak. We show that this is due to endothermic trans¬ 
fer from the exciplex to the exciton, by considering the dependence of the bilayer 
EL on device temperature at constant applied bias. From Fig. 2.31, one can see 
that the excitonic contribution to the emission spectrum is thermally activated 
and frozen out completely below 209 K. The activation energy of this process is 
found to be 200±50meV (see Arrhenius plot in Fig. 2.32). This is consistent 
with the values extracted with our time-resolved PL [13] and electric-field-depen¬ 
dent PL [14] measurements, and confirms the origin of the exciton EL to be en¬ 
dothermic transfer from the exciplex as depicted in Fig. 2.1(b). 

For completeness, we show an example for the temperature dependence of the 
EL spectra from polymer blend LEDs in Fig. 2.33. Only a very small F8BT exciton 
contribution to the EL spectrum is visible at any temperature. This is due to ex¬ 
citon retrapping and will be discussed in detail in Section 2.4. Despite this, the 
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Fig. 2.32 Relative F8BT EL at 530 nm for the 
bilayer LED from Fig. 2.31 (squares) and the 
blend LED from Fig. 2.33 (circles) as a func¬ 
tion of inverse temperature. The data was 
determined from the spectra of Figs. 2.31 and 
2.33 by assuming negligible back-transfer at 
the lowest temperatures and subtracting 
these spectra from the higher-temperature 
ones (same analysis as in Section 2.2, 

Figs. 2.25 and 2.28). Straight lines are Arrhe¬ 
nius fits with activation energies of 208 meV 
for the bilayer and 202 meV for the blend 
device. Performing Arrhenius fits for different 
wavelengths within 510-590 nm gives an 
overall estimate of 200 ± 50 meV for both 
devices. 
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Fig. 2.33 EL spectra of a PFB:F8BT blend 
(95:5 weight ratio, spun from chloroform) LED at 
4.3 V applied bias measured at different tempera¬ 
tures. 


exciton contribution is clearly thermally activated and we find an activation energy 
of 200 ± 50meV (see Fig. 2.32). This is similar to the bilayer case that confirms 
that the energetics at the interface are unaltered. 

We have shown an extreme enhancement of the exciplex emission in bilayer EL 
as compared to PL and the appearance of weak exciton EL only through thermal 
activation from the exciplex at higher temperatures. At low temperatures, the ex¬ 
citon contribution is frozen out completely and only exciplex electroluminescence 
is seen. This demonstrates unambiguously that the only source of bulk excitons 
during electrical excitation is endothermic energy transfer from exciplex states 
that are generated via barrier-free electron-hole capture and confirms the work 
presented in Section 2.2.1 that was based on room-temperature emission from 
polymer blend LEDs and time-resolved PL. 

2.2.4 

The High-voltage Limit of the Barrier-free Capture Regime 

As explained in Section 2.2.1, the barrier-free electron-hole capture mechanism 
(depicted in Fig. 2.1(b)) relies on the fact that charge transport is blocked by 
the barriers that result from the offsets of the HOMO and LUMO levels of the 
two polymers. Since the carriers cannot progress across the heterojunction, 
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they diffuse two-dimensionally along the interface until they encounter an oppo¬ 
sitely charged carrier on the opposite site of the interface and these form an ex- 
ciplex. If, however, a high electric field exists across the heterojunction, the 
charges might tunnel through the barrier and into the opposite polymer. These 
minority carriers would then quickly recombine with the oppositely charged ma¬ 
jority carriers in the bulk phase. Hence, at high driving voltages, a crossing-over 
from the barrier-free capture regime (Fig. 2.1(b)) to capture via the charge-injec¬ 
tion regime (Fig. 2.1(a)) should occur. Because in the latter, capture occurs in the 
polymer bulk, this should result in a higher relative exciton emission (as com¬ 
pared to exciplexes). Here, we investigate the high-voltage behavior of blend 
and bilayer devices of PFB and F8BT and show that at low temperatures this 
crossing-over can indeed be seen. We also demonstrate that at the driving voltages 
used in Fig. 2.31 and Fig. 2.33 of the previous section no high-voltage effects 
occur and that therefore the analysis done in that section is valid. 

The bilayer electroluminescence was measured from the same device as in the 
previous section (Fig. 2.31). Two different blend devices were investigated, one 
containing a 50:50 (by weight) PFB:F8BT blend film spun from xylene solution 
and one containing a 95:5 PFB:F8BT blend film spun from chloroform solution. 
The former shows strong phase separation with pm-sized phases (see micro¬ 
graphs in Fig. 2.21) while in the latter the F8BT is well mixed into the PFB. 
The chloroform device was the same as the one from Fig. 2.33 in the previous 
section. 

In Fig. 2.34, we show voltage-dependent EL measurements from a 50:50 
PFB:F8BT blend spun from xylene together with some values for the current den¬ 
sity at different voltages (measured from a different but similar device). An ex¬ 
tremely strong voltage dependence is seen in the EL spectra. The lowest applied 
voltages, 1.87 V, 1.90 V, and 1.95 V, are barely above the turn-on of the device (com¬ 
pare also Fig. 2.22 in Section 2.2.1) but nevertheless large differences in the emis¬ 
sion spectra are seen. The fields at these voltages are very low so that field-in¬ 
duced charge injection across the heterojunction is very unlikely. On the other 
hand, the high leakage currents cause a power consumption of order 100 mW/ 
cm 2 most of which can be assumed to be dissipated as heat in the polymer 
film. This can readily lead to an increase in the device temperature of many 
tens of °C [62]. We therefore postulate that the observed increase in the relative 


Fig. 2.34 Electroluminescence from a 50:50 by 
weight PFB:F8BT blend spun from xylene solution. 
Applied voltages were 1.87, 1.9, 1.95, 2.5, and 3.0 V 
for the cyan, blue, green, red, and black graph, 
respectively. Typical l-V-values, measured from a 
different but similar device, are plotted in the inset. 



450 500 550 60€ 650 700 750 
Wavelength (nm) 









68 


2 Electronic Processes at Semiconductor Polymer Heterojunctions 



500 


600 


700 



500 600 700 

Wavelength (nm) 


330 K 



289 K 


2.0 2,5 3.0 3.5 4.0 4.5 5.0 



2.0 2,5 3.0 3,5 4.0 4.5 5.0 
Voltage (V) 


Fig. 2.35 Electroluminescence spectra from the same PFB/F8BT bilayer device as in Fig. 2.31 
measured at 330 l< (a) and 289 l< (c) at different voltages. The spectra are not normalized and 
higher intensity corresponds to higher voltage. The corresponding voltages and current densi¬ 
ties are plotted in panels (b) and (c), respectively. The data corresponding to 3.2 Vapplied bias 
are marked with an arrow. 


F8BT exciton emission (as opposed to exciplex emission) is simply due to device 
heating. At higher voltages, higher currents result in a higher temperature of the 
polymer film that facilitates the endothermic transfer from the exciplex to the 
exciton and increases exciton EL. 

We now consider the bilayer and blend devices that we have measured pre¬ 
viously in Section 2.2.3 (Figs. 2.31 and 2.33). In Fig. 2.35, EL spectra from the bi¬ 
layer device are plotted for different voltages at two different (heat bath) tempera¬ 
tures (Fig. 2.35(a) and (c)). While at low driving voltages the spectra do not vary, 
an increase in the green F8BT exciton part of the spectrum is seen for high vol¬ 
tages. From Fig. 2.35(b) and (d), we see that, at higher voltages, the measured cur¬ 
rents approach those seen in the strongly phase-separated blend device from 
Fig. 2.34 and we therefore assign the spectral changes to current heating of the 
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Fig. 2.36 Electroluminescence spectra from the same PFB:F8BT blend device as in Fig. 2.33 
measured at 339 l< (a) and 289 l< (c) at different voltages. The spectra are not normalized and 
higher intensity corresponds to higher voltage. The corresponding voltages and current densi¬ 
ties are plotted in panels (b) and (c), respectively. The data corresponding to ~4.3Vapplied bias 
are marked with an arrow. 


device. Of course, this assignment is somewhat arbitrary since the changes could 
also be due to injection across the heterojunction. However, later in this section 
we show that at low temperatures the injection regime is only reached at a driving 
voltage of ~10V. In any case, we state that for low voltages (< 4 V) no spectral 
changes are seen and current heating can be excluded. In the previous section 
we have shown that at a driving voltage of 3.2 V barrier-free capture occurs 
(Fig. 2.31), which we therefore conclude to be the case for the whole voltage 
range up to 4 V. We only showed data for two temperatures in Fig. 2.35 because 
the spectral changes become insignificant for lower temperatures. Figure 2.36 
shows a similar analysis for the 95:5 PFB:F8BT blend device (the same device 
that was used in Fig. 2.33). Only very small spectral changes are observed up 
to 4.3 V (the voltage used in Fig. 2.33) indicating that here also EL operation 
occurs in the barrier-free regime. 
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Fig. 2.37 Electroluminescence from the same 
PFB/F8BT bilayer device as in Fig. 2.31 measured 
at 43 l< and 9V (black curve), 10V (red), and 13 V 
(green) bias. Current densities were 0.02, 0.14, 
and 11 mA/cm 2 . At higher fields, injection over the 
heterojunction becomes feasible and capture 
occurs in the bulk resulting in both yellow-green 
F8BT and blue PFB exciton luminescence. Because 
of the high noise level, the 9 - curve has been 
smoothed using an adjacent averaging algorithm 
and both the 9- and 10-V curves have been trun¬ 
cated below 510 nm. 


Fig. 2.38 Electroluminescence from the same 
PFB:F8BT blend device as in Fig. 2.33 measured at 
10 l< and 10.7 V (black curve) and 14.9 V (red) bias. 
Current densities were 0.11, and 8.9 mA/cm 2 . 

As was the case in Fig. 2.37, PFB exciton electro¬ 
luminescence is seen at high fields. Because of the 
high noise level, the 10.7-V curve has been trun¬ 
cated below 530 nm. 

We have seen that current heating can strongly alter the EL spectra at higher 
voltages. To avoid this effect and detect the high-voltage limit of the barrier-free 
capture regime (or the low-voltage limit of the “capture via the field-assisted 
charge-injection” regime) we have performed EL measurements at very low tem¬ 
peratures where endothermic transfer is reliably frozen out. In Fig. 2.37, EL spec¬ 
tra from the PFB/F8BT bilayer device measured at 43 K are shown. At 9 V, almost 
pure exciplex emission is seen. Above 10 V, however, not only does the F8BT ex¬ 
citon emission rise but also EL emission from the blue PFB exciton is visible. 
This can not simply be due to device heating because thermal activation of the 
exciplex to produce PFB excitons is not possible at any reasonable temperature. 
Therefore, charge injection across the heterojunction occurs and excitons form 
by capture in the bulk material. In Fig. 2.38, we show similar EL spectra for 
the blend device. Also here, PFB exciton EL is seen at higher voltages, but abso¬ 
lutely no F8BT exciton emission occurs. This is because the low F8BT fraction in 
this blend results in F8BT phases much smaller than the exciton diffusion length. 
Any F8BT excitons are therefore immediately captured at the heterojunction. 

For the model system of the PFB:F8BT heterojunction, we have identified a vol¬ 
tage and temperature range in which charge capture occurs via the barrier-free 
mechanism (as depicted in Fig. 2.1(b)). Generally, barrier-free capture is dominant 
at low driving voltages but for increasing bias field-induced charge injection across 
the hetero junction becomes important. At low temperatures, the threshold voltage 
was found to be —10 V. At room temperature, only a lower limit of —4 V could be 
found because of the effects of Joule heating that occurs at higher voltages. 
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2.3 

Exciton Dissociation at Polymer Heterojunctions 

2.3.1 

Exciton Dissociation and Exciton Regeneration 

As mentioned previously in this chapter, type-11 hetero junction systems are 
typically employed in photovoltaic diodes to achieve charge generation at the 
interface [21, 27, 63]. Device architectures are similar to those of light-emitting 
diodes and involve a thin film of a blend of hole-accepting and electron-accepting 
polymers sandwiched between two electrodes. However, some type-II polymer 
blends show low photocurrents and high luminescence quantum yields, leading 
to very efficient light-emitting diodes [13, 18, 26, 64]. 

The high luminescence quantum yield is commonly rationalized by the propo¬ 
sition that excitons can be stable at the heterojunction if their Coulombic binding 
energy is higher than the band-edge offsets [18]. In this case, the only process that 
might occur when an exciton encounters the heterojunction is energy transfer 
from the material with the larger band-gap to the other component. This picture 
classifies type-II hetero junctions into those above and those below a charge-se¬ 
paration threshold, producing high photocurrents or luminescence quantum 
yields, respectively. This simple classification is incomplete because even systems 
that show high luminescence efficiencies often also show significant charge gen¬ 
eration (see below). By considering the dependence of photoluminescence (PL) 
spectra and dynamics on applied electric field, we develop here an alternative, 
unified description of the excitation dynamics at the polymer heterojunction. 
We show that in all blends the exciton first dissociates at the hetero junction 
and forms an interfacial geminate charge pair. However, geminate-pair recombi¬ 
nation via an intermediate exciplex state can regenerate the bulk exciton. These 
circular transitions between the different excited-states at the hetero junction are 
driven by thermal energy, and a fine balance of the kinetics determines the net 
charge separation and photoluminescence yields. 

We have shown that exciplex states form in blends of F8BT with PFB, and F8BT 
with TFB, and that these exciplex states can undergo endothermic energy transfer 
to form bulk F8BT excitons [13]. We again investigate films of PFB:F8BT and 
TFB:F8BT spin coated from common chloroform solution, i.e. films exhibiting 
very limited demixing (of the order of 10 nm [27]) resulting in a large interfacial 
area of contact between the two polymers. Note that PFB:F8BT blends can display 
high charge-separation yields (4% photocurrent external quantum efficiency) and 
low EL efficiencies (< 0.64lm/W) whereas the TFB:F8BT system displays low 
photocurrents (we find 82% lower short-circuit current than in PFB:F8BT 
at 457 nm excitation), but very high electroluminescence efficiencies (up to 
19.4lm/W) [13, 28]. Hence, these blends are good examples of the contrasting 
properties of type-II polymer heterojunctions as described above. 

For all measurements, polymer blends (weight ratio 50:50) were spin coated 
from common chloroform solution onto oxygen-plasma-treated ITO substrates 
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Fig. 2.39 Photoluminescence quenching (squares: X channel, circles: Y channel) mea- 
spectra for 5 (red continuous curve), 10 (green sured at 560 (a) and 640 nm (b). Data is shown 
curve), and 20 mW (blue curve) excitation for PFB:F8BT (a) and TFB:F8BT (b) blend 
power normalized to the corresponding exci- devices at 6 (a) and 15 V (b) reverse bias, 

tation power as well as photoluminescence All measurements were done at room 

quenching versus modulation frequency temperature. 


to form 170-nm thin films. Ca electrodes (60 nm) were then deposited by thermal 
evaporation and encapsulated by a 300-nm A1 layer. All devices were fabricated 
under N 2 atmosphere. An electric field was applied by reverse-biasing the device 
to prevent charge injection (ITO negative with respect to Ca). Quasi-steady-state 
photoluminescence quenching data, APL, were measured as described else¬ 
where [14]. As demonstrated in Fig. 2.39, the data was found to be independent 
of modulation frequency and excitation power. 

Time-resolved PL measurements were also performed using time-correlated 
single-photon counting (TCSPC) and photoluminescence upconversion (PLUC) 
spectroscopies. Descriptions of the setups can be found in refs. [14, 65], respec¬ 
tively. All measurements were taken in continuous-flow He cryostats (Oxford In¬ 
struments OptistatCF) under inert conditions. Finally, PL efficiency measure¬ 
ments were performed on simple polymer thin films spin coated on Spectrosil 
substrates using an integrating sphere coupled to an Oriel InstaSpec IV spectro¬ 
graph and excitation with the same Ar + laser as above. 

Figure 2.40(a) compares the PL spectrum of a diode made with blended 
PFB:F8BT with that of pure F8BT. Red-shifted exciplex emission, in addition to 
bulk F8BT contribution (i.e. the F8BT-only spectrum), is evident in the blend 
film. (Neither PFB nor TFB are excited at 457 nm. See Fig. 2.6.) Also shown in 
the same figure is the electromodulation spectrum, —APL, taken by applying 
10 V bias across the device. The electric field preferentially quenches the exciplex 
contribution in the red part of the spectrum (> 50% quenching for wavelengths 
> 650 nm). Quenching of the F8BT exciton emission is also observed, but this 
decreases with decreasing temperature, as demonstrated in Fig. 2.40(b). Similar 
phenomena are observed in the TFB:F8BT diode (Figs. 2.40(c) and 2.40(d)), 
although the relative contribution of F8BT bulk emission is higher in the same 
temperature range. In contrast to the blends, pure F8BT shows net PL quenching 
of < 1% and only Stark shifts by < lnm at these fields (Fig. 2.41). 
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Wavelength (nm) Wavelength (nm) 


Fig. 2.40 (a) Photoluminescence intensity 

(PL, solid circles) and reduction of photolu¬ 
minescence intensity due to an applied reverse 
bias of 10V (APL, continuous line) for a 
PFB:F8BT blend device at 340 K. PL and -APL 
are plotted or the same scale and reflect their 
relative intensities, (b) APL spectra (at 10V) 
from the same device as in (a) at different 


temperatures, (c) PL (solid circles) and APL 
at a reverse bias of 15 V (continuous line) for 
a TFB:F8BT blend device at 340 K. (d) APL 
spectra from the same device as in (c) at dif¬ 
ferent temperatures. For comparison the PL 
spectrum from an F8BT-only device (open 
circles) is plotted in both parts (a) and (c). 


Fig. 2.41 Change APL (red curve) and relative 
change APL/PL (green curve) of the photolumi¬ 
nescence from an F8BT-only device due to an 
applied reverse bias of 15 V (temperature 295 l<). 
The pattern corresponds to a Stark shift of 
<1 nm. Net quenching is less than 1%. 



Wavelength (nm) 


If the PL quenching arises from field assisted dissociation of an emissive state, 
its luminescence decay rate should be field-dependent. Figure 2.42(a) shows 
TCSPC measurements at 640 nm in a PFB:F8BT diode with different applied vol¬ 
tages. All curves consist of an instrument-limited decay, and a slow, roughly 
monoexponential decay with 40 =t 5 ns decay constant. The two components are 
assigned to the bulk exciton and the exciplex state, respectively (see above). Exci- 
plex generation occurs within ~ 1 ns and its generation efficiency is strongly field 
dependent, while its decay constant shows no significant variation with applied 
field. Therefore, an exciplex precursor must be quenched by the field. To investi¬ 
gate the field dependence on the bulk exciton decay rate, we have performed field- 
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Fig. 2.42 (a) Photoluminescence 

decay measured using TCSPC (ex¬ 
citation: 407 nm, < 4 nj/cm 2 , de¬ 
tection: 640 nm) from a PFB:F8BT 
device at room temperature under 
0V (continuous line), 13 V (circles) 
and 30V (triangles) applied reverse 
biases, (b) PLUC measurements 
(excitation: 405 nm, 42 nj/cm 2 , de¬ 
tection: 550 nm) from a similar de¬ 
vice at 0V (continuous line), 5 V 
(squares) and 12.5V (triangles) re¬ 
verse bias. For comparison, data for 
a device with pure F8BT at 0 V 
(continuous line) and 12 V (circles) 
are also plotted. PLUC experiments 
were performed by Paiboon Sreear- 
unothai and Laura Herz. 
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Fig. 2.43 (Photo-)Current and relative 
electric-field quenching versus applied vol¬ 
tage measured from the same PFB:F8BTand 
TFB:F8BT blend devices as in Fig. 2.40. 

The detection wavelength was 700 nm 
(PFB:F8BT) and 580nm (TFB:F8BT), re¬ 
spectively. The current was not corrected for 
the dark current and hence is not the pure 
photocurrent. 


dependent PLUC measurements. The results are displayed in Fig. 2.42(b). The 
exciton decay dynamics are not field dependent [66]. Therefore, a dark intermedi¬ 
ate state must be dissociated by the field. We postulate that this state is an inter¬ 
facial geminate polaron pair that follows charge transfer from the bulk 
exciton [67-70]. Branching from this geminate pair then produces either exciplex 
states or free charges and the branching ratio is field-dependent. Furthermore, in 
Fig. 2.43, we find the field-induced reduction of exciplex PL to closely correlate 
with increased (photo)current. 
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Fig. 2.44 Relative electric 
field quenching of the 
PFB:F8BT and TFB:F8BT exci- 
plex photoluminescence in¬ 
tensities (measured at 700 nm 
and 580 nm, respectively), 
in the same devices as in 
Fig. 2.40, versus electric field 
at 230 l< (solid squares), 250 l< 

(open and solid circles), 290 K 
(solid triangles) and 295 l< 

(open diamonds). The solid 
lines through the data are 

Onsager simulations (parameters for PFB:F8BT: e = 3.5, r gp = 3.0 nm at T = 230 K and 3.1 nm 
at 250 l< and 290 l<; for TFB:F8BT: £ = 3.5, r gp = 2.3 nm at T = 250 l< and 2.2 nm at 295 l<). 



El. field <10 7 Ml m) 


To estimate the electron-hole separation within the geminate pair, r gp , we con¬ 
sider the field-dependent changes in PL intensity plotted in Fig. 2.44. Neglecting 
the effects of energetic disorder [71] and of a possible interfacial dipole layer [70], 
geminate-pair dissociation in electric fields is most easily described within the 
Onsager model (see references [72, 73, p. 484]), which yields the dissociation 
probability^ (r gp , T, F) =/(F) of bulk geminate pairs in a medium with dielectric 
constant e, under an applied field F and at temperature T : 


fe ( r gp> T, F) 



n 

ml (m + ri)l 


(2.17) 


where A = 2 qjr^, B = (3^(1 + cos6), q = e 1 2 /SnesokT, and f3 = eF/2kT. The aver¬ 
aging over 0 was done to represent an isotropic blend morphology. Since the only 
material parameter is the dielectric constant e, which we approximate to be 3.5 for 
all polymers Onsager theory should be applicable also to geminate pairs at the 
interface. The field-dependent relative reduction of the geminate-pair population 
n gp is given by 


^ n gp = /(jO f (Q) 

n gp i - /(0) 


Because the PL intensity is proportional to the excited-state population, we can 

and compare with experiment. Fig. 2.44 plots ~^r versus elec 


assume 


An CTn A PL 


"gp 


ggp 1 ^ 1 ^ 

trie field ’ at various temperatures for PFB:F8BT and TFB:F8BT devices (mea¬ 
sured in the red part of the spectrum where exciton emission is insignificant). 
Plotted in the same graph are simulations of using a ^-function distribution 
for r gp . The simple model fits the data satisfactorily, which supports the assump- 


1) Dielectric constants of conjugated polymers corresponding to minimum -A PL/PL, found 

typically lie between 3 and 4 [74, 75]. to be 0.7 V (PFB:F8BT) and 0.3 V (TFB:F8BT) 

2 ) The internal field was calculated as F = forward bias. 

(applied voltage + %)/170 nm; % is the voltage 
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Distance 


Fig. 2.45 Potential energy dia¬ 
gram describing the energetics 
and kinetics at type-11 polymer 
heterojunctions. The energetic 
order of jA-D+) r=ra and |A*D) r=oc , 
may be reversed for PFB:F8BT 
vs. TFB:F8BT 

A“D + ) 

A* D ) 

A D) 


tion of a geminate pair intermediate prior to exciplex formation and yields 
r gp « 3.1 nm (PFB:F8BT) and r gp « 2.2 nm (TFB:F8BT). The large separation is 
probably caused by polaron-pair thermalization following the initial charge-trans¬ 
fer step [67, 73]. 

We now return to the APL spectra in Fig. 2.40, which contain bulk F8BT com¬ 
ponents that are not due to electric-field-promoted dissociation of those states, as 
was shown above. The zero-field steady-state photoluminescence is due to three 
different excited-state populations: (i) “primary” excitons, generated in the bulk 
by the laser excitation; (ii) exciplexes, generated via energy transfer from bulk ex¬ 
citons; and (iii) “secondary” excitons, generated via endothermic back-transfer 
from the exciplexes (see Section 2.2 and ref. [13]). Since the exciplex density is 
reduced by application of an electric field, there is less secondary-exciton genera¬ 
tion, and hence the observed APL contains an excitonic contribution. Further evi¬ 
dence for this hypothesis is provided by the temperature dependence of the APL 
spectra shown in Figs. 2.40(b) and 2.40(d).The ratio of secondary excitons to 
exciplexes is found to follow an Arrhenius function with activation energy 
200 ± 50meV (PFB:F8BT) and 100 =L 30meV (TFB:F8BT). 2 * These activation en¬ 
ergies are consistent with those values extracted with our previous TCSPC and 
electroluminescence measurements (see Section 2.2 and Section 2.2.3. 

Figure 2.45 summarizes the above findings. The potential energy curves repre¬ 
sent the ground-state (|AD)), the exciton residing on F8BT (|A*D)), and the elec¬ 
tron and the hole residing in the respective component across the heterojunction 
(|A - D + )), where A and D symbolize the acceptor (F8BT) and the donor (PFB or 

1) At temperatures below 230 K the APL arising 2) The activation energies were evaluated using 
from the excitons’ Stark shift obscures the the same Arrhenius analysis that was em- 

weak quenching signal. ployed in the previous sections (see Figs. 2.25, 

2.28, 2.32). 
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TFB), respectively. The diagram is drawn to project three different coordinates at 
the same time, i.e. the abscissa represents either the distance of the two dissimilar 
ground-state molecules (|AD)) or the distance of the exciton from the interface 
(|A*D)) or the separation of the geminate polarons (|A _ D + )). The exciplex state 
is then located in the minimum of the |A - D + ) potential. When the system is 
photoexcited, an exciton is generated at a certain distance r\ from the heterojunc¬ 
tion. It then diffuses to a separation r 2 (dotted arrow), where it dissociates and an 
interfacial geminate electron-hole pair is formed with rate constant k ct . This ge¬ 
minate-pair can either dissociate (fcdiss) or relax into the luminescent exciplex state 
(ferei). The ratio k^ ss /k re \ is strongly field dependent and determines the degree of 
luminescence quenching. The exciplex state can then either decay (k ex ), or back- 
transfer to a bulk exciton in F8BT (/q>t)> but is itself too strongly bound to dissoci¬ 
ate under the field. We note that the transition from geminate pairs to excitons via 
fc re i —► fcbt represents a novel mechanism for geminate pair recombination at poly¬ 
meric hetero junctions. The secondary excitons produced might enter the cycle 
again, or diffuse away from the hetero junction (dashed arrow) and decay. The 
model is also applicable to electrical excitation, where the excited-state is produced 
via charge injection (dash-dotted arrow).The regeneration of the exciton via the 
thermally-driven circular process k ct —► k Ye \ — > means that even though charge 
transfer occurs, the excitation energy might eventually still be emitted in the form 
of bulk exciton luminescence. 

An estimate of the contribution of the regeneration process to the PL of the 
blend can be derived by normalizing the APL spectrum to the PL spectrum at 
higher wavelengths where the emission is solely due to exciplexes. We assume 
that this renormalized APL then represents the contribution of exciplex and sec¬ 
ondary exciton emission to the total PL. We infer thereby that at room tempera¬ 
ture in the PFB:F8BT blend —20% of the visible emission comes from primary 
excitons. In TFB:F8BT we find a primary exciton contribution of < 2 %, which im¬ 
plies that > 98% of the excitons undergo charge transfer at a heterojunction. 
Despite this, the relative PL quenching with respect to pure F8BT is only 
< 57% (PLyield of F8BT 80%, of TFB:F8BT 35%) indicating the great importance 
of the exciton-regeneration mechanism. Secondary exciton and exciplex emission 
maintain a high PL yield in spite of most excitons encountering a heterojunction. 
On the other hand, the PFB:F8BT PL yield is only 4%, consistent with large ge¬ 
minate-pair dissociation and low back-transfer efficiency, i.e. with low “regenera¬ 
tion efficiency”. 

In Section 2.2.1, we mentioned the importance of spin multiplicity for light- 
emitting diode operation and suggested the exciplex state play an important 
role. We now extend these considerations to the geminate pair. Employing a simi¬ 
lar argument as for the exciplex, we expect spin randomization to occur while the 
system is in the geminate-pair state. Hence, during the regeneration cycle, the 
system visits two states (the exciplex and the geminate pair) in which intersystem 

1) We note that the model presented here in- and reverse photoinduced charge-transfer as 

corporates and is in complete agreement with described in Section 2.2. 
the concepts of barrier-free charge capture 
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crossing is facilitated. Indeed, recent work from our group indicates a strongly 
enhanced triplet yield under photoexcitation in the polymer blends with respect 
to the pure polymers [76]. Direct evidence for spin randomization has recently 
been found in an intramolecular donor-acceptor system by simultaneous applica¬ 
tion of electric and magnetic fields [77]. There, a small magnetic field of 0.09 Tesla 
inhibits the intersystem crossing within the radical-ion pair. This is seen via 
reduced electric-field quenching of the locally excited state, because back-electron 
transfer to the locally excited state is more efficient in the singlet state. Spin- 
dependent recombination and dissociation of solvent-separated radicalion pairs 
has been modeled extensively by Burshtein and coworkers [78-85] and we suggest 
that similar theories might apply here. 

In summary, we have developed a comprehensive description of the excitonic 
and electronic processes at type-II polymer heterojunctions that support exciplex 
formation. The two blends studied here represent important examples for effi¬ 
cient charge generation on the one hand and high luminescence yields on the 
other, and in this sense represent the two extremes of type-II heterojunctions 
found in common semiconductor polymer blends. The very different behavior 
was shown to arise from different geminate-pair separations (3.1 nm vs. 
2.2 nm) and back-transfer activation energies (200 meV vs. 100 meV) that affect 
strongly the kinetics between the states involved. We note that both thermaliza- 
tion distance as well as activation energy are generally expected to be larger for 
larger band-edge offsets between the two polymers and that this provides the 
link to the classification scheme described in the introduction [18]. 

In photovoltaic operation the collapse of the geminate pair into the exciplex pro¬ 
vides an unwanted loss channel. We suggest that optimized interfaces require not 
only large band-edge offsets to enable large thermalization distances (r gp ), but also 
inhibited exciplex stabilization. This can be achieved by increasing intermolecular 
distances and decreasing configurational relaxation [25]. 


2.4 

Morphology-dependent Exciton Retrapping at Polymer Heterojunctions 

In the previous sections, we have shown that bulk excitons can be generated via 
transfer from electrically excited exciplexes (Section 2.2), but also that photoex- 
cited excitons can be trapped at the interface to form exciplexes (Section 2.1.4.2 
and Section 2.3.1). Hence, also excitons that have been generated by transfer 
from an exciplex might get “retrapped” at the interface and again form exciplexes 
(process (3) in Fig. 2.46). This is expected to influence the electroluminescence 
spectral shape and efficiency and should be more likely in a blend with phase di¬ 
mensions comparable to the exciton diffusion length than in a bilayer, for exam¬ 
ple. We investigate the photoluminescence of simple films (170 nm) of blends of 
PFB and F8BT spun onto Spectrosil substrates from common chloroform solu¬ 
tion. Limited demixing results in phases of the order of 10 nm or less [14, 27]. 
In order to achieve different morphologies, the weight ratio was varied between 
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Fig. 2.46 Illustration of exciton retrapping at 
PFB:F8BT heterojunctions. An exciplex state 
that was formed at the heterojunction via 
barrier-free charge capture (Section 2.2) or 
relaxation of an interfacial geminate pair 
(Section 2.3) can either decay radiatively and 
emit (1) or transfer endothermically to the bulk 



exciton state. In large bulk phases, this exciton 
is likely to emit (2), but in nm-scale phases it 
diffuses to another interface site and is re¬ 
trapped to again form an exciplex (3). Exciton 
retrapping therefore lowers the ratio of delayed 
exciton to exciplex emission. 


5:95 and 97.5:2.5. All samples were prepared and measured under inert atmo¬ 
sphere. Time-resolved PL measurements were done by TCSPC. 

Figures 2.31 and Fig. 2.33 show EL spectra of a bilayer and a blend LED. The 
high evaporation rate of the chloroform solution together with the low fraction of 
F8BT molecules results in very limited demixing in the blend with F8BT phase 
measures of the order of the 10 nm or less [27, 14]. Strong retrapping is expected 
for this type of morphology and indeed the F8BT exciton contribution to the EL 
spectrum is much smaller for the blend device than for the bilayer at any tem¬ 
perature. From Fig. 2.32, we infer this contribution to be reduced to < 30 % of 
its value for the bilayer LED and hence >70% of the generated excitons are re¬ 
trapped at an interface. Despite this, the activation energy of the exciton contribu¬ 
tion is evaluated to be similar to the bilayer case (200 ± 50meV, see Fig. 2.32), 
which confirms that the energetics at the interface are unaltered. Hence, the 
retrapping of excitons at the polymer/polymer interface is an important process 
that only depends on the morphology of the system but strongly influences the 
efficiency of exciton electroluminescence. The high evaporation rate of the chloro¬ 
form solution together with the low fraction of F8BT molecules results in very 
limited demixing in the blend with F8BT phase measures of the order of 10 nm 
or less [14, 27]. Much stronger exciton retrapping is expected for this type of mor¬ 
phology than for a bilayer with only two macroscopic phases and hence the F8BT 
exciton contribution to the EL spectrum is much smaller for the blend device than 
for the bilayer at any temperature. A lower limit for the trapping efficiency in the 
blend film can be estimated by considering that the ratio of the exciton population 
m to the exciplex population x is —70% lower in the blend than in the bilayer de¬ 
vice 


^blend 

^blend 


(1 - 0.7) mbilayer 

^bilayer 


(2.!9) 


Let now q be the difference of the trapping efficiencies in the blend and the bi¬ 
layer film, and p < 1 be the fraction of trapped excitons that again become exci- 
plexes and do not decay nonradiatively at the interface. We can then write 
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^blend ^bilayer ^ ^bilayer 

•^blend -^bilayer + P ^ ^bilayer 


( 2 . 20 ) 


From Eq. 2.19 and Eq. 2.20, we infer 



07 

1 + 0.3p 


^-blend 

^blend 


( 2 . 21 ) 


With mw enc i/Xbi en d < 1 we find that at least 07/(1 + 0.3) = 54% of the excitons in 
the blend device are retrapped at the interface. We note that this value only 
reflects the additional trapping in the blend as compared to the bilayer. The 
total trapping efficiency might be significantly higher. We conclude that the 
retrapping of excitons at the polymer/polymer interface is an important process 
that only depends on the morphology of the system but strongly influences the 
efficiency of exciton electroluminescence. 

A more detailed evaluation of the retrapping phenomenon requires the compar¬ 
ison of different blend morphologies. This is not possible via EL investigations 
because altering the morphology of the polymer blend in the device also alters 
the field distribution, efficiency, and I-V characteristics. In particular, current heat¬ 
ing can unintentionally alter the emission spectrum [16, 62]. We show that these 
problems can be circumvented by considering time-resolved PL measurements 
instead. We consider polymer blend films spun from chloroform solution with 
different weight ratios of the two components. This gives a range of different 
morphologies because for smaller fractions of F8BT, the size of the F8BT phases 
is reduced. We hence expect different exciton retrapping efficiencies. 

Figure 2.47 shows PL decay curves measured at 620 nm for several different 
blend ratios as well as for pure F8BT. The emission from the blends decays 
roughly biexponentially. We assign the fast decay to the photoexcited exciton 
and the slowly decaying component to the long-lived exciplex state [13]. Generally, 
exciplex states are generated via energy transfer from photoexcited excitons and 
this explains the faster exciton decay in the blend films than in the pure F8BT. 
Fitting the delayed exciplex emission with a simple exponential decay yields dif¬ 
ferent time constants Tdeiayed for different blends. From Table 2.2 we see that 



0 20 40 m 80 

Time (ns) 


Fig. 2.47 Photoluminescence decays (measured at 
620 nm) of pure F8BTand of PFB:F8BT blends for different 
weight ratios as indicated in the figure. Fitting the delayed 
emission from the blends between 30-90 ns yields the 
time constants relayed given in Table 2.2. The decays have 
been normalized to their peak intensity. 
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Table 2.2 Ti me constants t de | ayedx and exciton-to-exciplex ratios 
r of the delayed PL emission from polymer blend samples with 
different PFB:F8BT blend ratios. The time constants were 
determined from single exponential fits of the PL decays in 
Fig. 2.47 between 30 and 90 ns. The fitting errors were <0.3 ns 
for all decays. 


blend ratio 

Tjelayedx 

Y 

blend ratio 

Tdelayedx (^S) 

Y 

5:95 

38.6 

0.64 

75:25 

47.8 

0.12 

10:90 

40.8 

0.42 

90:10 

50.4 

— 

25:75 

42.3 

0.25 

95:5 

53.0 

— 

50:50 

44.5 

0.16 

97.5:2.5 

54.0 

— 

60:40 

45.9 

0.15 





the exciplex decays more slowly for blends containing lower fractions of F8BT. 
This is at first sight surprising since the localized exciplex should not depend 
on the morphology of the blend. However, it can be rationalized by the fact 
that the higher retrapping efficiency in blends with smaller F8BT fractions (i.e. 
smaller F8BT phases) results in a less-efficient depopulation of the exciplex 
through back-transfer to the short-lived exciton and hence a slower decay of the 
exciplex population. In this picture, the decay constant should approach a maxi¬ 
mum value for blends where retrapping is —100% efficient and back-transfer to 
the exciton can be neglected completely. From Table 2.2, we find a lower limit of 
54 ns for this “pure” exciplex decay constant. 

Fig. 2.48 shows time-dependent PL spectra for several blends as well as for the 
pure polymers. At short times (0-10 ns), the spectra are mostly dominated by the 
exciton emission but at longer times the PL from the blends evolves into the red 
exciplex peak. After —30 ns the spectra do not evolve any further and decay with 
the time constants relayed given in Table 2.2. The delayed emission still contains 
an F8BTexciton contribution (visible as a green shoulder at —535 nm). Since pure 
F8BT shows no delayed emission at all this has to be due to the endothermic 
transfer from the exciplex. Hence, the delayed PL emission has the same origin 
as the EL emission (i.e. the exciplex) and the two phenomena are very compar¬ 
able. 

In Fig. 2.49, the delayed emission spectra for different blend ratios are 
compared. The F8BT exciton contribution decreases monotonically for higher 
PFB:F8BT ratios and is almost 100% suppressed in the 97.5:2.5 blend. This agrees 
well with an increased exciton retrapping probability as would be expected for 
smaller F8BT phases. Since no delayed emission is observed from pure F8BT, 
the effect has to be due to the interface with the PFB. We consider this strong 
evidence for the retrapping model. 

The exciplex emission in Fig. 2.49 blue-shifts for blends with low fractions of 
F8BT. Since the energetics at the interface are not affected by the blend ratio, 
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Fig. 2.48 Time-resolved photoluminescence spectra of PFB:F8BT blends of different weight 
ratios, (a), (b) and (c), and of films of pure PFB and F8BT (d). The spectrum with the highest 
intensity represents the PL emission integrated over the first 10 ns. The less-intense spectra are 
the delayed PL integrated over subsequent 10-ns time windows, i.e. over 10-20 ns, 20-30 ns,... , 
80-90 ns. 
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Fig. 2.49 Delayed emission spectra, integrated 
over 30-90 ns after excitation, for blends of dif¬ 
ferent weight ratios. For low fractions of F8Bf 
the exciplex shifts to the blue, as is shown for the 
case of a 97.5:2.5 blend. The spectra have been 
normalized. 


we suggest that the blue-shift is a consequence of the retrapping phenomenon. 
Generally, the back-transfer from the exciplex to the exciton is more efficient 
for higher-energy exciplexes than for lower-energy ones due to the lower activation 
energy. Hence, if back-transfer is suppressed by strong retrapping, the average en¬ 
ergy of the exciplex population increases. We note that similar blue-shifts can also 
be seen in temperature-dependent EL, and temperature- and time-dependent 
PL [13], and temperature- and electric-field-dependent PL [14] measurements. 
We suggest the blue-shift in these cases to be due also to reduced back-transfer, 
although here this reduction is caused by the lower sample temperature and 
not by increased retrapping. 

In order to quantify the retrapping phenomenon, we determine the ratio r of 
the exciton and the exciplex contributions to the delayed emission spectra in 
Fig. 2.49. We assume the peak intensities of the spectra (at —630 nm) to be a mea- 
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Fig. 2.50 Time constant relayed as a func¬ 
tion of the exciton-to-exciplex ratio r of the 
delayed PL emission from PFB:F8BT polymer 
blends. The data is the same as in Table 2.2. 
As explained in the text, r was not deter¬ 
mined for very small values. Instead only the 
values of Tdeiayed are indicated by triangular 
markers on the y-axis. The line represents 
fits to the data using either Eq. (2.31) 
or Eq. (2.33) (see text for details). 



r 


sure of the exciplex contribution and the intensities at 535 nm (i.e. the peak of the 
F8BT exciton emission, see Fig. 2.48(d)) to correspond to the exciton contribution. 
The values of r derived thereby are listed in Table 2.2. The approximation fails 
when the overlap of the two spectra is large or their spectral shapes change 
that is the case for very weak F8BT emission and strongly blue-shifted exciplex 
emission. We therefore do not determine r for blends of 10% F8BT or less. 

Figure 2.50 plots the exciplex decay constant Tdeiayed versus r. Clearly, there is a 
strong correlation, and the decay constant of the exciplex population decreases as 
this decay is facilitated via more efficient transfer to the excitons. 

2.4.1 

Predicted Similarity of EL and Delayed PL Spectra 

This correlation delayed ( r ) can also be derived from a simple kinetic model shown 
in Fig. 2.51. The figure depicts the F8BT exciton (with population m(t)), the exci¬ 
plex (population %(t)), and the system ground-state. We only consider F8BT exci¬ 
tons for this model because there is no back-transfer from the exciplex to the 
high-energy PFB exciton level. The transitions between the states are also indi¬ 
cated in the figure, where k m is the decay rate constant of excitons in pure 
F8BT, fe trap is the retrapping rate constant, k^ t is the back-transfer rate constant 
from the exciplex to the exciton, fcdiss is the rate constant of charge generation 
at the heterojunction, and k x is the “pure” exciplex decay rate constant (i.e. the 
time constant of only those decay channels that lead to the ground-state). In pre¬ 
vious work we have shown that charge transfer at the heterojunction initially pro¬ 
duces an interfacial geminate polaron pair that subsequently fully dissociates or 
relaxes into the exciplex [14]. Since here we are not interested in this geminate- 
pair intermediate we can describe the process as a branching directly from the 





Fig. 2.51 A kinetic model of the electronic transi¬ 
tions at the polymer/polymer interface. See text for 
further details. 


ground state - 
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exciton to either free charges, fedi SS , or exciplex states, k trap . We neglect a possible 
morphology dependence of the branching ratio c & iss = k^ iss /k trSLp [70-89] and 
assume c^ iss to be constant for all samples and all heterojunction sites, and this 
allows us to substitute fediss^Cdiss ktrap- Figure 2.51 is then described by the set 
of differential equations 

= -k x x(t) - k ht x(t) + fctrap vn(t) (2.22) 

at 

d mlt) 

^ = ~km Wl(t) — fetrap ~ Cdiss fetrap Wifi) + febt (2.23) 

With the initial conditions m(0) = m 0 and x(0) = 0 (i.e. no direct photoexcitation 
of the exciplex) these equations are readily solved and yield biexponential func¬ 
tions of the form 



(2.24) 



(2.25) 


where 



(2.26) 


and 



(2.27) 


with 



and 



(2.29) 


At long times after the excitation pulse, X fey 1 , both the exciton and exciplex po¬ 
pulations decay with rate fe 2 and the ratio of their emission intensities becomes 
independent of time to be 


r = 



(2.30) 


where r/ m and rj x are the quantum yields of the exciton and exciplex emissions, 
respectively. From Eqs. (2.26), (2.27), and (2.30), we derive the time constant of 
the delayed emission to be 
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^delayed (O — ^2 (T) 



(1 + bliss) ^xVx/m ^ 

+ bliss) k x 4- bliss ^bt + k x Vx/m 


(2.31) 


where ?7 x / m = r\ x /rj m . This is the expected functional form of the data in Fig. 2.50. 
We consider that, with fe~ 1 =2.45 ns (as determined from the decay of pure F8BT 
measured at 535 nm), c d i SS > 0, k/j 1 > 54 ns, r < 0.64 (see Table 2.2) and an upper 
limit rj x/m < 1, 


kx Vx/m ^ ^ (km (1 + bliss) + ^xVx/m 


(2.32) 


and simplify Eq. (2.31) as a simple inverse proportionality 

^delayed (b) ~ W 

B + r 


(2.33) 


with 


A = 


1 + bliss 
^x Vx/m 


B = 


k x 


+ bliss (^bt + ^x) 



(2.34) 


As mentioned above, very low values of r could not be determined accurately. 
When fitting the data, however, we would like to also account for the longest life¬ 
times measured (see Table 2.2). We therefore assume r ^ 0 for T d eiayed=54.0ns and 
include (0,54 ns) as a data point. This approximation is justified because choos¬ 
ing a value for r between 0 and 0.12 alters the fit curve and its parameters by less 
than 2%. Figure 2.50 shows a corresponding fit using Eq. (2.33), and we see that 
the experimental correlation between relayed and r is well reproduced by the func¬ 
tion derived from the model. 

The fit in Fig. 2.50 yields the parameter values A = 80.2 ns and B = 1.56. We con¬ 
sider that this agrees well with realistic assumptions for the physical parameters 
c diss> K, febt» and Vx/m- Previous work [90] has shown that optimized photovoltaic 
devices made from PFB and F8BT can reach external quantum efficiencies of 
— 10%, and we hence assume c d iss ~ 0.1. Inserting this and an estimate 
k~ x « 54 ns (see above) in Eqs. (2.34) yields k^ 1 = 96 ns, Vx/m = 0.74. The value 
k dt x « 100 ns is consistent with endothermic excitation rates calculated from 
the product of the Boltzman factor exp[—0.2 eV/(k B 300 K)] ^10 -4 and typical 
intermolecular vibronic attempt frequencies of order 10 11 Hz [91]. The value 
Vx/m — 0.74 means that Vx = Vx/m Vm = 41% (using r/ m = 55% as measured pre¬ 
viously [28]). With k~ l = 54 ns we then derive the radiative time constant of the 
exciplex to be fc~J ad = 133 ns. This is consistent with the value of 118 ns found 
by fitting the exciplex PL decay at very low temperatures where most nonradiative 
channels are frozen out [13]. 

We conclude that the experimental data agrees well with a simple kinetic model 
of exciton retrapping. This confirms that retrapping is responsible for reduced ex¬ 
citon emission in polymer blends. 
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By considering the EL spectra from Section 2.2.3, we have shown that the 
amount of EL observed from the endothermically generated bulk excitons is 
dependent on the film morphology, and we introduced the concept of retrapping 
of excitons. For nm-scale morphologies, excitons are likely to encounter again an 
interface during their lifetime and get retrapped into an exciplex, which can re¬ 
duce exciton EL by more than 70 %. 

We investigated exciton retrapping in detail using time-resolved photolumines¬ 
cence measurements. The delayed emission seen from polymer blends is due to 
the long-lived exciplex emission as well as the emission from excitons that are 
generated from the exciplex throughout its lifetime. The delayed emission spectra 
are hence similar to the EL emission. We have shown that the delayed emission 
lifetime relayed as well as the relative amount of delayed exciton emission r 
strongly vary for different morphologies and hence different retrapping efficien¬ 
cies and that they are negatively correlated. For very low fractions of F8BT we 
find that the retrapping efficiency is —100%. The correlation relayed ( r ) was well 
reproduced by a kinetic model of retrapping at the polymer interface. 

The retrapping efficiency directly and only relates to the exciton diffusion 
length and the nanoscale morphology of the film, and we suggest this as a 
probe of these fundamental qualities. 

Highly efficient LED operation is only achieved through efficient exciton EL 
(Section 2.2), and exciton retrapping has hence to be reduced. In blend LEDs, 
this could be achieved via large phases and sharp phase interfaces to provide un¬ 
interrupted escape paths for the excitons. On the other hand, this morphology 
potentially promotes large leakage currents, which is detrimental to efficient 
operation. Bilayer or vertically phase-separated blends could provide a solution 
to circumvent this trade-off. 


2.5 

Summary 

2.5.1 

Exciplex Formation is General in Polyfluorenes 

In Section 2.1.4, the electronic and photophysical properties of donor-acceptor or 
“type-II” heterojunctions between two semiconductor polymers were investigated. 
Exciplex formation was found to be a general phenomenon for type-II heterojunc¬ 
tions between polyfluorene copolymers. These are among the most widely used 
materials in polymer optoelectronics, but the presence of exciplexes had not yet 
been fully appreciated. This is because the exciplex population is often depopu¬ 
lated via efficient endothermic transfer towards the exciton, which leads to bulk 
exciton instead of exciplex emission. However, via time- and temperature-depen¬ 
dent photoluminescence (PL) spectroscopy the exciplex states can be identified. 
Employing a relationship known from small-molecule solution systems that re¬ 
lates the relative HOMO and LUMO levels of the molecules to the exciplex emis- 
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sion energy, it is possible to show that exciplex formation occurs at every hetero¬ 
junction where the basic energetic conditions (when the predicted exciplex energy 
level being below the exciton) are met. This generality of exciplex formation in the 
important class of polyfluorene copolymers was motivation to investigate their 
role during the two basic processes occurring in optoelectronic diodes, charge 
capture and exciton dissociation. 

2.5.2 

Electron-Hole Capture can Occur Barrier-free via an Exciplex Intermediate 

We discussed in Section 2.2 that the exciplex state mediates a new pathway for the 
formation of an exciton from two uncorrelated charges. This process was termed 
“barrier-free” electron-hole capture, because the neutral state formed can be 
reached without overcoming the band offsets at the heterojunction. The neutral 
state is the exciplex and it is readily accessible because of its charge-transfer char¬ 
acter and its energetic position below the charge-separated state. The transition 
from the separated charges to the exciplex can be seen as a “reverse photoinduced 
charge transfer”, and, in analogy to forward charge transfer, it can be expected to 
be fast and efficient. If the actual capture is fast, the rate-limiting process is the 
diffusion of electron and hole along the heterojunction in order to encounter each 
other at opposite sides of the junction. Contrary to the case of field-assisted charge 
injection across the interface, barrier-free capture does not require high electric 
fields and strong charge accumulation at the heterojunction. This leads to low 
turn-on voltages and low charge-induced luminescence quenching. Following 
the reverse charge transfer, the exciplex state can emit (with low oscillator 
strength) or endothermically transfer to the bulk exciton. If the latter process is 
efficient, this can lead to extremely efficient light-emitting diodes, as was 
shown in Section 2.2.1. The presented barrier-free capture mechanism facilitates 
EL operation, when charge injection across the hetero junction is impossible or 
very inefficient. For high voltages, this condition breaks down and “conventional” 
capture via charge injection and recombination in the polymer bulk occurs and 
this was shown in Section 2.2.4. 

To optimize the hetero junction for light-emitting diodes, one should generally 
aim to (a) facilitate exciplex formation from uncorrelated charges, (b) prevent 
charge injection across the heterojunction, and (c) facilitate the endothermic 
transfer from the exciplex to the exciton. As is common with optimization prob¬ 
lems, these requirements are conflicting. This is illustrated by the following trade¬ 
offs: exciplex formation yields can be improved by increasing the charge-transfer 
character of the exciplex. However, this lowers the exciplex energy and hence in¬ 
creases the activation energy for the transfer to the exciton. As another example, 
the activation energy can be reduced by lowering the band offsets, but this will 
facilitate injection of unpaired charges across the heterojunction. The very high 
efficiency found for the TFB:F8BT device motivates further research. 
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2.5.3 

Dissociated Excitons can be Regenerated via Geminate-Pair and Exciplex 
Intermediates 

In Section 2.3, we investigated exciton dissociation at the heterojunction. We 
showed that dissociation at the interface does not produce uncorrelated charges 
directly but rather an interfacial geminate pair that is bound by Coulomb interac¬ 
tions. This electron-hole pair either collapses or fully dissociates via thermal 
activation and the branching between these two possibilities was shown to follow 
Onsager theory of geminate recombination. The collapse of the geminate pair can 
result in an exciplex state as shown in Section 2.3.1. Alternatively, back-electron 
transfer might also yield the ground-state. As mentioned above, the exciplex 
can be activated thermally and transfer to the bulk exciton state. Therefore, the 
excitation can undergo thermally driven circular transitions from the exciton to 
the geminate pair to the exciplex and back to the exciton. This process was termed 
“exciton regeneration” and was suggested to be highly efficient in TFB:F8BT 
blends. Efficient regeneration can yield large quantities of “secondary excitons” 
(i.e. excitons that have undergone one or more regeneration cycles at the hetero¬ 
junction) which maintains a high PL yield despite exciton dissociation at the 
heterojunction. The collapse of the geminate pair lowers the efficiency of charge 
generation and this reduces the quantum yield of photovoltaic devices. 

To optimize the heterojunction for photovoltaic diodes one should generally 
aim to inhibit geminate-pair recombination. One way to achieve this might be 
to increase the band offsets. (In fact, it is not clear whether this would actually 
help, see below.) More subtle ways are to reduce exciplex stabilization via increas¬ 
ing intermolecular distances or decreasing configurational relaxation. Interfacial 
geminate pairs might also form (and lower photovoltaic efficiencies) at interfaces 
that do not support exciplex formation. However, the exciplex is a marker for their 
existence and a useful probe for their investigation. 

2.5.4 

High Interface Densities Lower the Barrier-free Capture and Exciton-Regeneration 
Efficiencies 

In Section 2.4, we discussed the influence of the film morphology on the above 
mechanisms. No qualitative differences were found between bilayers and blends 
of different degrees of phase separation, which demonstrates that both barrier- 
free capture as well as exciton regeneration are properties only of the energetics 
and molecular structure of the heterojunction. However, the film morphology 
plays a crucial role in determining the fate of excitons that have been generated 
at the heterojunction, be it via barrier-free capture or via exciton regeneration. In 
morphologies with high interface densities (e.g. in well-mixed blends), these ex¬ 
citons are likely to diffuse and again encounter a heterojunction site during 
their lifetime and dissociate. This process was termed “exciton retrapping”. It low¬ 
ers the effective efficiency of both barrier-free capture and exciton regeneration, 
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and was shown to reduce the secondary exciton population below the detection 
limit in strongly mixed blends. While this might be an advantage in photovoltaic 
devices, it is surely detrimental to efficient LED operation via barrier-free capture. 
However, it might be possible to circumvent this problem by employing strongly 
phase-separated blends or bilayer systems. For the former, it is crucial to balance 
the trade-off between decreasing exciton retrapping and increasing leakage cur¬ 
rents with higher phase separation. 

2.5.5 

Conclusion 

In conclusion, the presence of exciplexes at the polymer heterojunction requires a 
revision of the models that are usually applied to charge capture and exciton dis¬ 
sociation at the interface. Alternative models have been presented here. A better 
understanding of the hetero junction will benefit the optimization of any optoelec¬ 
tronic device, but in particular for light-emitting diodes the new mechanism pro¬ 
mises great improvements of device efficiency. Generally, the exciplex is an ideal 
probe for the investigation of electronic and photophysical phenomena that occur 
at the polymer heterojunction. The findings presented are important because it 
was shown here that exciplex formation is a ubiquitous phenomenon at poly- 
fluorene hetero junctions. 
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3 

Photophysics of Luminescent Conjugated Polymers 

D. Hertel and H. Bassler 


3.1 

Introduction 

There is currently an intense endeavor to exploit the unique properties of conju¬ 
gated polymers for the development of optoelectronic devices like light-emitting 
diodes, photovoltaic cells and field effect transistors. This requires detailed knowl¬ 
edge of their photophysical properties. In the beginning it had been proposed that 
the properties of conjugated polymers resemble those of a one-dimensional semi¬ 
conductor implying that electron-electron interaction is negligible relative to elec¬ 
tron-lattice interaction and, concomitantly, the elementary optical excitations are 
electronically decoupled polarons [1]. This would have had a serious negative im¬ 
pact on their electroluminescent properties because an efficiently screened cou- 
lombic potential would have reduced the cross section for electron-hole recombi¬ 
nation greatly. Recall that in inorganic light-emitting diodes (LEDs) the lower cross 
section as compared with organic LEDs is overcompensated by the higher charge 
carrier concentration and by their higher mobility. The observation that electrolu¬ 
minescence from organic materials is, on the contrary, efficient and controlled by 
Langevin-type electron-hole recombination [2] like in classic molecular solids has 
been a strong argument against the above notion [3, 4]. This implies that a free 
electron-hole pair recombines whenever its mutual distance is comparable to 
the coulombic capture radius, r c = e /4jt££ 0 kT, where £ 0 is the dielectric permittivity 
and £ is the relative dielectric constant. There is independent and compelling evi¬ 
dence that conjugated polymers do not behave fundamentally different from other 
organic materials. This includes (i) the recognition of strong electron-electron cor¬ 
relation in polyenes and polyacetylene [5, 6], (ii) the large energy gap between the 
first singlet and triplet states [7, 8, 9], (iii) the large exciton binding energy inferred 
by fluorescence quenching studies [10, 11], electroreflection [12] as well as analytic 
molecular theory [13, 14], (iv) the absorption spectra of optically and chemically 
generated charge carriers being those of radical ions [15] rather than reflecting tran¬ 
sitions among polaron and band states [16] and (v) both stationary [17] and time- 
resolved fluorescence [18, 19] and, importantly, phosphorescence spectroscopy [20]. 
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3 Photophysics of Luminescent Conjugated Polymers 


The intention of this article is to emphasize current aspects of the photophysics 
of emissive conjugated polymers paying particular attention to the spectroscopy of 
singlet and triplet excitations, their motion and their dissociation into coulombi- 
cally bound electron-hole pairs and free charge carriers. Any discussion of phy¬ 
sics of devices such as light-emitting diodes, photovoltaic cells and field effect 
transistors is outside the scope of this chapter and will be dealt with in different 
chapters of this book. 


3.2 

Spectroscopy of Singlet States 

3.2.1 

Conventional CW Spectroscopy 

Upon optical excitation of a molecule in the UV/VIS spectral range an electron is 
promoted from the highest occupied molecular orbital (HOMO) to either the low¬ 
est unoccupied molecular orbital (LUMO) or to a higher lying empty orbital. Cor¬ 
respondingly the charge distribution of the molecule and, concomitantly, the mo¬ 
lecular forces will change. As a response to that charge redistribution the molec¬ 
ular skeleton will vibrate and relax into a new equilibrium configuration. In accor¬ 
dance with the Franck-Condon principle this will give rise to vibronic replica in 
absorption as well as in emission spectra unless there is a competitive fast non- 
radiative decay channel for the excitation. In case of coupling to a single harmonic 
oscillator of reduced mass M and angular frequency co the strength of coupling is 
described by the Huang-Rhys factor S 

Mco , A ? 

S=—(AQ ) 2 (3.1) 

where A Q is the displacement of the minima of the potential curve along the con¬ 
figurational coordinate upon electronic excitation [21]. Note that if there was no 
displacement of the potential energy curves due to the readjustment of the 
bond length, only a single absorption and emission line - corresponding to the 
S^Sq 0-0 transition - would be allowed for reasons of orthogonality of the wa- 
vefunctions. In the harmonic approximation the intensity of the pure electronic 
S^Sq 0-0 transition and the n-th vibronic satellite is 

In=As n . (3.2) 

ml 

The value S can be inferred either from the fractional intensity of the 0-0 transi¬ 
tion 




(3.3) 
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or from 

WIo-o = 5 (3.4) 

In reality there are several molecular vibrations that can couple to an electronic 
transition although the basic phenomenology is retained, namely the resonant 
character of the S 1 <-»S 0 0-0 transition and the mirror symmetry of the vibronic 
satellites. In case of a jt—>jt* transition the dominant vibrational modes are 
those of the polymer backbone, notably of the phenyl ring. An example is the ab¬ 
sorption and fluorescence of Ji-conjugated molecules, such as tetracene, in the gas 
phase [22]. In fluid solution there is interaction between the transient dipole of 
the molecule with the permanent and induced dipoles of the solvent. It gives 
rise to (i) a bathochromic shift of the spectra, (ii) a Stokes shift between the 
0-0 transition in absorption and emission that reflects the readjustment of the 
molecules in the solvent cage, and (iii) some spectral broadening. Employing 
line narrowing techniques, such as site-selective or hole-burning spectroscopy 
to chromophores isolated in frozen solution both the resonant and the narrow 
line character of the vibronic transitions can be recovered [23, 24]. 

However, the UV/VIS spectroscopy of conjugated polymers can, and often does, 
differ from that of conventional Ji-bonded small molecules, e. g. what simple mo¬ 
lecular spectroscopy would predict. It turns out that most ji-conjugated polymers, 
exceptions being unsubstituted polyacetylene and polydiacetylene, fluoresce. The 
fluorescence spectra of polymer films consist of a moderately broad S 0 <— S 1 0-0 
transition accompanied by vibronic satellites. Different from small organic mole¬ 
cules they can feature an appreciable Stokes shift between absorption and emis¬ 
sion. Often absorption spectra are not mirror symmetric with fluorescence spectra 
and show little if any vibronic splitting. Reasons are (i) major relaxation of the 
skeleton of an excited polymer chain can give rise to an concomitant change of 
the electronic excitation, (ii) intra and interchain energy transfer to intrinsic 
and extrinsic chromophores, and (iii) specific interchain coupling. Those features 
will be discussed below in an exemplary way employing a homologous series of 
oligomers of alkyl- and allcoxy-substituted phenylenevinylenes as test objects. 

The compounds (see Scheme 3.1) were monodisperse all-trans oligomers 2,5 - 
diheptyl-p-divinylbenzene, DHep-OPVn with n = 1-6 being the number of aro¬ 
matic rings [25], and 2,5-diheptyloxy-p-divinylbenzene DHepO-OPVn with n = 
1-7 [26], synthesized metathetically. They were investigated in 2-methyltetrahy- 
drofuran (MTHF) or cyclohexane solution at either ambient temperature, matrix 
isolated in a MTHF glass at 10 K and 80 K, and as spin-coated thin films on 
quartz substrates, involving absorption and conventional fluorescence as well as 
site-selective fluorescence spectroscopy. Figure 3.1 shows that in cyclohexane so¬ 
lution at 295 K the low energy S x <—S 0 transition of DHep-OPVn in absorption 
shifts to lower energies as the chain length increases but vibronic fine structure 
is absent. Some vibronic structure appears as a MTHF solution of DHep-0PV3 
is cooled down from 290 K to 80 K (Fig. 3.2). Low-temperature (80 K) absorption 
of DHep-OPV3 and DHep-OPV6 in MTHF and as spin-coated films at 295 K are 
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Scheme 3.1 Chemical structures of compounds described in this chapter. 


Fig. 3.1 Normalized UV/Vis absorption 
spectra of DHep-OPVr?s recorded in cyclohex¬ 
ane at room temperature: DHep-OPVl (-); 

DHep-OPV2 (-); DHep-OPV3 (••■••); 

DHep-OPV4 (.); DHep-OPV5 (—-O 

DHep-OPV6 (-). Reprinted from [25], 

copyright 2003, with permission from Elsevier. 
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depicted in Fig. 3.3. The spectra in glassy matrix reveal a weak vibronic fine 
structure, albeit with system specific dependence on concentration, temperature 
and chain length. While spectra of DHep-OPV3 are independent of concentration, 
a hypsochromic shift in the DHep-OPV6 spectra is noted at a concentration of 
c = 10“ 5 mol/L. This trend continues at higher concentrations. In the films vibro¬ 
nic structure is completely lost, independent of temperature. On the other hand, 
conventionally recorded fluorescence spectra (not shown) do feature well-resolved 
vibronic structures. 

Figure 3.4 shows the absorption spectra of the alkoxy-derivative of DHep-0PV2 
recorded in MTHF solution at different temperatures. While the general trend is 
similar to that of the alkyl-derivative (Fig. 3.2) the vibronic band splitting at lower 
temperatures is more pronounced. This is confirmed by Fig. 3.5 which indicates 
that, except for the DHepO-OPVl, there is a distinct dependence of the absorp¬ 
tion spectra on concentration. At higher concentration the intensity of the 
Si<—S 0 0-0 transition is diminished in favor of the higher-energy components. 
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Fig. 3.2 UV/Vis absorption spectra of DHep- 
OPV3 recorded in 2MeTHF at different tem¬ 
peratures starting at 290 K in 10 K steps down 
to 80 K (c = 4 X 10~ 5 mol • L -1 ). Reprinted 
from [25], copyright 2003, with permission 
from Elsevier. 
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Fig. 3.3 UV/Vis absorption spectra of 
DHep-OPV3 and DHep-OPV6 recorded in 
2MeTHF at 80 l<: 
c = 5 X 10“ 7 mol • L _1 (-•#•-); 

c = 10~ 6 mol • L _1 (.); 

c = 10~ 5 mol • L -1 (•••□•••); 

c = 4 X 10~ 5 mol • L _1 (-); 

c = 10~ 4 mol • L -1 (-) and as thin layers 

at room temperature (.) as well as at 80 K 

(-). The spectra were normalized to the 

absorption maximum. Reprinted from [25], copy¬ 
right 2003, with permission from Elsevier. 
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Fig. 3.4 UV/Vis absorption spectra of 
DHepO-OPV2 recorded in 2MeTHF 
at different temperatures starting at 
300 l< in 20 l< steps down to 80 l< 

(c = 4 X 10~ 5 mol • L _1 ). Reprinted 
from [26], copyright 2003, with per¬ 
mission from Elsevier. 
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Fig. 3.5 Normalized UV/Vis absorption spectra 
of DHepO-OPVns recorded at 80 l< in 2MeTHF 

[c = 5 X 1(T 7 mol • L -1 ( - ); 

c = 1CT 6 mol • L _1 ( . ); 

c = 10~ 5 mol • L -1 ( .); 

c = 4 X 1CT 5 mol • L _1 ( - ); 

c = 1CT 4 mol • L _1 (-) and as thin layer 

(-y Reprinted from [26], copyright 2003, 

with permission from Elsevier. 
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A key element for analyzing those observations is the dependence of the S a <—S 0 
transition as a function of chain length. It bears heavily on the particle in a box 
concept and predicts a linear dependence of the S^Sq 0-0 transition on recipro¬ 
cal chain length, or, equivalently, the number of repeat units of the chain. When 
extrapolating the predicted linear portion to n-^^> one has to recognize, however, 
that the limiting value of that transition energy is finite because of bond alterna¬ 
tion. The fact that the measured transition energy in a long polymer exceeds that 
hypothetical E n _^ x value has been considered as a signature of the effective chain 
being not infinite. Based upon an experimentally determined reciprocal energy- 
chain length relation the so-called effective conjugation length can be estimated. 
It is often considered to be limited by topological chain defects, such as cis-trans 
transformations or, more generally, the spatial extension of a chain deformation. 
A recent theoretical approach by Rissler [27] employing the density-matrix renor¬ 
malization group theory, confirms that chain defects do lead to a linear depen¬ 
dence between the transition energy versus reciprocal distance between the 
defects on a chain. However, contrary to what the simple particle in the box 
model would predict, in the limit of weak or vanishing disorder the transition en¬ 
ergy extrapolates to 1 /n 2 rather than 1/n as n exptrapolates to infinity. This result 
is particularly important for weakly disordered polymers, such as the ladder-type 
poly(phenylene)s in which covalent bridging among the repeat units prohibits the 
formation of major topological defects. In this context it is important to recognize 
that even within a defect-controlled chain element the electron and hole compris- 
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ing an optical excitation do not move independently but in a correlated fashion. It 
is important to recognize that the excitation is a coulombically bound electron- 
hole pair with a typical 1 nm root-mean-square pair separation [28], i. e. much 
less than the effective conjugation length. Immediately after its generation an ex¬ 
citation suffers intrachain scattering as well as scattering on defects. This conclu¬ 
sion comes from independent theoretical approaches [14, 28] and from electrore¬ 
flection spectroscopy [29]. 

The change of the absorption spectra of both DHep-OPVn as well as DHepO- 
OPVn in MTHF solution at different temperatures is a signature of temperature- 
dependent dynamic disorder. The loss of vibronic structure of the spectra can be 
explained in terms of twisting vibrations along the oligomer chain. It reduces the 
effective conjugation length to a value below the oligomer length in a statistical 
way and gives rise to a hypsochromic shift of the absorption spectra and any 
vibronic splitting is smeared out. At lower temperatures, torsional motion 
along the chain is frozen and, concomitantly, the effective conjugation length in¬ 
creases. In a film of oligomers or a polymer film this kind of disorder is static 
rather than dynamic. 

Aggregation can also have a major effect on the spectroscopy of oligomers and 
polymers. It is known that aggregates of alkoxy-substituted PPVs such as poly(2- 
methoxy-5-2 , -ethylhexyloxy-l,4-phenylene vinylene), or MEH-PPV play an impor¬ 
tant role in solution [30, 31, 32, 33, 34]. Cornil et al. [35] calculated the energy 
changes of complexes of PV-oligomers on top of one another with different 
separation distances. Below a critical distance of about 0.7 nm the molecular 
orbitals of a stilbene dimer start to delocalize over the two chains. As a result, 
excited-state splitting becomes important, i. e. the absorption is shifted to higher 
energies whereas the emission is red-shifted. Turning from the two-ring system to 
the higher oligomers the critical distance roughly corresponds to the oligomer 
length and saturates at around 14 nm. Therefore, the absorption spectra pres¬ 
ented in Fig. 3.3 can be explained as a superposition of the spectrum of the iso¬ 
lated chains and the aggregated complexes. 

Another important hint can be taken from the spectra of spin-coated layers. 
These exhibit a blue-shift compared with the spectra of isolated chains in solu¬ 
tion, also. The analysis of the data obtained using grazing incidence X-ray diffrac¬ 
tion (GIXD) techniques resulted in a morphology where the oligomers are as¬ 
sembled in a fashion as described above, starting with DHepO-OPV2 [36]. This 
is another important indication that in MTHF solution at low temperatures aggre¬ 
gation effects become important. In addition, the weak temperature dependence 
of the absorption maximum suggests a planar geometry, due to aggregation, even 
at room temperature. The tendency to form aggregates is strongly dependent on 
chain length. This is a result of the better polarizability of the longer oligomers 
and the larger critical distance. 

Theoretical models have been developed to describe the effect of interchromo- 
phoric coupling on the properties of the excited state. They have been used to de¬ 
scribe the peculiar changes in band shape occurring upon aggregation of pseudo 
isocyanine dye molecules (formation of J- or Scheibe-aggregates) [37] and more 
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recently aggregates of Ji-conjugated oligomers. In the latter case both changes in 
absorption [38, 39, 40] and emission bands [41, 42, 43] were analyzed. 

The main problem in the description of the changes in absorption and/or emis¬ 
sion spectra of coupled chromophores is in the application of the Born-Oppen- 
heimer (BO) approximation. Two limiting cases can be distinguished in which 
the BO approximation applies with certainty. One case is where the coupling be¬ 
tween the chromophores is very weak. In this case, the BO can be applied to the 
individual chromophores and the coupling can be treated as a perturbation. The 
other extreme is where the interaction is so strong that the BO approximation can 
be applied to the aggregates as a whole. This means that the assembly of chromo¬ 
phores is treated as a supermolecule. In this case, the coupling between the exci¬ 
tation and the nuclear motion that gives rise to the Franck-Condon progression 
in the spectra of the isolated monomers, is treated as a perturbation. The inter¬ 
mediate case is not straightforward and can be treated by numerically diagonaliz¬ 
ing a model Hamiltonian that includes both effects of interchromophoric cou¬ 
pling and the interaction between nuclear motion and the excitation. This method 
was employed to analyze the absorption spectra of DHepO-OPVn (see Fig. 3.5). 

In these calculations, it was assumed that only one vibrational mode couples 
with the electronic excitation in the isolated chromophores. The Huang-Rhys 
parameter S for the isolated chromophores was taken to be 1. Furthermore, 
only clusters of four chromophores are studied. The transition dipole moments 
of the oligomers were aligned parallel. To include effects of disorder the zero ex¬ 
citation energies of these chromophores are taken at random from a Gaussian 
distribution. Also the matrix elements describing the through-space electromag¬ 
netic coupling between the chromophores were taken from a Gaussian distribu¬ 
tion. The chromophores were arranged with their center positioned on the cor¬ 
ners of a square and the transition dipole moments perpendicular to this fictitious 
square. To obtain a simulation of the absorption band shape the results of a thou¬ 
sand diagonalizations are averaged. The results are shown in Fig. 3.6. Here the 
dotted line shows results for uncoupled, isolated chromophores while the solid 
line shows the result for the quartet of coupled chromophores. As can be seen, 
the intensity of the 0-0 transition is strongly reduced by the interaction. For 
the cluster a new maximum in the absorption appears on the blue side of the 
monomer absorption band. This is in qualitative agreement with the expectation 


Fig. 3.6 Simulated UV/Vis absorption 
spectra of isolated (.) and aggre¬ 
gated (-) DHepO-OPV3. Reprinted 

from [26], copyright 2003, with permission 
from Elsevier. 
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for an H-aggregate where the absorption maximum should show a blue-shift. For 
the cluster the simulated absorption spectrum still seems to have some residual 
vibronic fine structure although the energy separation between what appears to be 
the vibronic bands is no longer constant. Qualitatively, the reduction of the 0-0 
band, the appearance of a new maximum at the blue side and the irregular spac¬ 
ing of the vibronic features observed for c = 10“ 4 mol/L can all be reproduced by 
the simulations. In reality, the experimental spectrum for c = 10“ 4 mol/L will, of 
course, always be a superposition of the spectra of aggregated and uncomplexed, 
free chromophores. However, since at c = 10“ 4 mol/L the contribution from un¬ 
aggregated chromophores is rather small. This justifies the comparison between 
experimental and simulated band shapes. 

Interestingly, 80 K fluorescence spectra of DHepO-OPVn, n = 1-4, (Fig. 3.7) are 
not mirror symmetric with absorption. At a temperature of 80 K, the 0-1 emis¬ 
sion feature governs the spectrum for all investigated oligomers starting with 
DHepO-OPV2. This can be attributed to the superposition of emissions from iso¬ 
lated chains and aggregates. This conclusion is supported by investigations of 
Peeters et al. [44] on branched and therefore sterically hindered allcoxy side chains 
in a glassy MTHF matrix showing that, indeed the S 0 0-0 transition is the 
dominant one. A similar behavior was found for the DHepO-OPVns at room tem¬ 
perature as described above. It is obvious [45, 36] that extracting the Huang-Rhys 
factor from spectra of a sample in which both nonaggregated and aggregated spe¬ 
cies coexist must give incorrect results. 
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Fig. 3.7 UV/Vis absorption (c = 5 X 1CT 7 

mol • IX 1 ; (-) and photoluminescence 

(c = KT 6 mol • IX 1 ; (.) spectra of 

DHepO-OPVns recorded in 2MeTHF at 80 K. 
The spectra were normalized to the maximum of 
the Sx—S 0 absorption and S-\— >S 0 emission, 
respectively. Reprinted from [26], copyright 2003, 
with permission from Elsevier. 
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The tendency to form aggregates is strongly dependent on chain length and 
molecular constitution and, in solution, on concentration. By comparing the spec¬ 
tral features of DHep-OPVn [25] and DHepO-OPVn [26] indicates that the higher 
electron density caused by the electron-donating allcoxy group favors a more pla¬ 
nar geometry and, concomitantly, reduced sterical hindrance over the alkyl substi¬ 
tuted oligomers. At the same time improved ordering reduces the inhomoge¬ 
neous width of the vibronic bands. However, one has to be cautious when pursu¬ 
ing this argument any further. Because of covalent bridging the ladder-type poly 
(phenylene)s (LPPPs) are the best ordered of all noncrystalline Ji-conjugated poly¬ 
mers. Nevertheless, this tendency to form aggregates is very weak as evidenced by 
the narrow vibronic bands in absorption and the pronounced S a <— S 0 0-0 transi¬ 
tion. The likely reason is random packing of the alkyl substituents [46]. 

The better-known type of aggregates are those that give rise to excimer emis¬ 
sion. The steric requirement is a sandwich-like arrangement of the planes of 
the interacting elongated molecules in which the transition dipole moments 
are aligned parallel. When one of the molecules of the pair is excited to the S 1 
state the excitation oscillates within the pair. This gives rise to excited-state split¬ 
ting into a parity-forbidden lower state and an upper state that carries most of the 
oscillator strength. Because of the attractive interaction in the excited state the 
pair relaxes into a new equilibrium configuration with reduced intermolecular 
spacing. It is repulsive in the electronic ground state. For this reason fluorescence 
emission becomes allowed only by vibronic coupling. Its spectrum is a featureless 
broad band red-shifted relative to absorption and the fluorescence lifetime is on 
the order of 100 ns. Textbook examples are the incipient molecular pairs in pyrene 
and perylene crystals [47] and the accidental parallel arrangement of the carbazole 
unit of adjacent polycarbazole chains [48, 49]. In the fluorescence spectra of con¬ 
jugated polymers there is an occasional red-shifted component with little or no 
spectrally resolved vibronic structure featuring a lifetime extending into the ns 
range [50, 51, 52]. It can, but does not have to be assigned to emission from struc¬ 
tural traps with excimer characteristics, i. e. whose structure is monomer-like in 
absorption but relaxes into a more strongly bound excimer state upon excitation. 
In a noncrystalline polymer structure it is conceivable that there are aggregates 
that are only weakly stabilized in the ground state but can further relax to a con¬ 
formation with partial excimer character. An example is the site-selectively excited 
defect emission in (not methylated) LPPP [46]. Replacement of the hydrogen atoms 
by a methyl group more or less prevents this kind of aggregation. It seems plau¬ 
sible that in an amorphous polymer structure there is a variety of local structures 
in which the intermolecular interaction exceeds the average values and, accord¬ 
ingly, can act as traps for a singlet exciton. Depending on how well the conditions 
for genuine excimer formation are met, those aggregates will feature red-shifted 
fluorescence spectra ranging between monomer-like and excimer-like in charac¬ 
ter. Apart from contributing to the red portion of their intrinsic fluorescence spec¬ 
tra their emission is longer lived as compared to the lifetime of an isolated chro- 
mophore. The reason is that the oscillator strength and, concomitantly, their life¬ 
time depend on the vectorial addition of the individual transition dipoles. De- 
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pending on the degree of parallelity of the transition dipole moments of the chro- 
mophores comprising the pair the lifetime of the excited state of the pair in¬ 
creases because the net transition dipole moments of the pair state decreases. 
Since, on the other hand, nonradiative decay of the S 1 state is not affected by ag¬ 
gregation this lowers the fluorescence efficiency Obviously, this is a detrimental 
effect in OLEDs. One way to avoid this situation is to choose polymer structures 
or appropriate polymer substituents that prevent the formation of incipient di¬ 
mers. Site-selective fluorescence spectroscopy (see Section 3.2.2) is an experimen¬ 
tal tool to distinguish whether an aggregate is more dimer- or excimer-like. In the 
case of dimers, the lowest excited state causes a finite oscillator strength in ab¬ 
sorption and is red-shifted relative to the intrinsic absorption [46], while genuine 
excimer emission is generated via energy transfer among the nonaggregated 
chain segments. It is worth mentioning that defects that act as traps for singlets 
do so regarding charge carriers, too, because both HOMO and LUMO in the de¬ 
fect are off-set from those of the parent chromophore. 

On the other hand, the red-shifted emission from conjugated polymers can ori¬ 
ginate also from chemically different moieties such as lceto defects [53] created via 
accidental photochemical degradation or deliberate exciplex formation at the inter¬ 
nal interface between conjugated polymers [54, 55, 56]. 

3.2.2 

Site-selective Fluorescence (SSF) Spectroscopy 

A generic feature of disordered systems, such as neat molecular glasses, matrix 
isolated molecules and polymers, is that any energy level is inhomogeneously 
broadened because of random packing and, accordingly, spatially random interac¬ 
tions. Because those interactions depend on a large number of internal coordi¬ 
nates the profiles of optical spectra are Gaussians [57] with a variance o typically 
500-1000 cm -1 (—60-120 meV). To remove this kind of inhomogeneity requires 
the application of site-selective techniques [17, 23, 58]. They involve the use of a 
spectrally narrow laser that allows excitation of those chromophores from 
amongst a large ensemble contributing to an inhomogeneously broadened ab¬ 
sorption. Only those chromophores whose transition energy is accidentally reso¬ 
nant with the laser are excited and, provided that excitation is into the S 0 0-0 
line, the resulting emission is homogeneously broadened and provides informa¬ 
tion on the true molecular Stokes shift, i. e. on any relaxation that might occur 
upon exciting a chromophore and coupling to energetically lower-lying phonons. 
Site-selectivity is eroded if one excites into higher-lying vibronic bands of the 
Si<—S 0 transition and if energy transfer to lower-lying states can occur. In poly¬ 
mers that energy transfer can occur between different chromophores of a single 
chain or between adjacent chains. To identify whether or not site selectivity has 
been attained one scans the laser across the inhomogeneously broadened 
0-0 transition towards lower energies and monitors the energy at which 
the emission spectrum shifts linearly with the laser energy. Unfortunately, stray 
light effects will obscure the >S 0 0-0 transition, if it is resonant with the 



107 


3.2 Spectroscopy of Singlet States 

excitation. Probing vibronic emission lines, e. g. the line avoids this 

problem. 

SSF spectroscopy was applied to alkyl- as well as alkoxy-substituted OPV oligo¬ 
mers (see Section 3.2.1) matrix isolated in a MTHF glass [25, 26]. Spectra recorded 
as a function of the excitation energy are presented in Figs. 3.8 and 3.9. As ex¬ 
pected, above a critical energy the fluorescence spectra are independent of excita¬ 
tion energy and inhomogeneously broadened. Below this energy they become nar¬ 
rower and shift linearly with excitation energy (Figs. 3.10 and 3.11). Interestingly, 
for DHepO-OPV3 (Fig. 3.8) sharp zero-phonon features are observed and the 
Si—>S 0 0-0 transition, inferred by adding the vibrational quantum energy of a 
relevant vibronic line, is resonant with the laser [26]. For DHep-OPV6 (Fig. 3.9), 
where the allcoxy-linking is missing, the SSF spectra reveal some residual line 
broadening and finite Stokes shift of 260 cm -1 [25]. In principle, a finite Stokes 
shift can either be a signature of homogeneous coupling of the electronic excita¬ 
tion to a low-energy mode, such as a torsional mode of the chain, or of structural 
relaxation accompanied with a lowering of the energy of excitation. Since a pho¬ 
non mode of the oligomer chain should not depend on the substituents the ob¬ 
served Stokes shift in the DHep-OPV6 is likely to be caused by optimizing the 
chain conformation thereby improving intrachain electronic coupling rather 


Fig. 3.8 A series of fluorescence spectra of 
DHepO-OPV3 with decreasing excitation energy. 
The inset depicts the zero-phonon lines, observed 
for an excitation energy of v exc = 20 410 cm -1 . 
The arrows mark the wave number of the corre¬ 
sponding laser energy Reprinted from [26], 
copyright 2003, with permission from Elsevier. 


Fig. 3.9 A series of fluorescence spectra of 
DHep-OPV6 with decreasing excitation energy 
(c = 1CT 5 mol • L -1 ). The arrows mark the wave 
number of the corresponding laser energy. 
Reprinted from [25], copyright 2003, with 
permission from Elsevier. 
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Fig. 3.10 Wave number of the strongest 
zero-phonon line (corrected for the laser 
energy) is plotted versus the excitation 
wave number of DHepO-OPV3 in 
2MeTHFat 10 l< (c=10~ 6 mol • l_ _1 ).The 
data (■) are taken from the site-selective 
fluorescence spectra. The resonance line 
is also shown. Reprinted from [26], 
copyright 2003, with permission from 
Elsevier. 
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Fig. 3.11 Wave number of the S-\— >S 0 0-0 
transition maxima of DHep-OPV6 in 
2MeTHF at 10 K as a function of excitation 
wave number (c = 10~ 5 mol • L -1 ). The data 
(■) are taken from the site-selective fluor¬ 
escence spectra. The resonance line is also 
shown. Reprinted from [25], copyright 2003, 
with permission from Elsevier. 


than by phonon coupling. This type of Stokes shift is inhomogeneous in nature. 
In the alkoxy-substituted oligomer DHep-0PV3 this effect is absent suggesting 
the optimal intrachain ordering has been established in the ground state already 
because of side-chain ordering. 

In jr-conjugated polymers no zero-phonon lines have been observed in SSF 
spectra, indicating that there is always some chain relaxation in response to opti¬ 
cal excitations [17, 59]. The magnitude of this effect should and, in fact, does 
depend on the rigidity of the chain. In PPV the residual Stokes shift is on the 
order of 100 cm -1 , while in MeLPPP it is —20 cm -1 only [21]. In the time domain 
the former value corresponds to a dephasing on the order of 100 fs as has been 
verified by experiments on fs-wave-packet fluorescence interferometry on tail 
states of PPV [60]. 

Interestingly, there has been a recent report on hole-burning spectra of 
MeLPPP matrix isolated in a MTHF glass at 4.2 K [61]. Hole burning is another 
method to remove inhomogeneous line broadening [23, 58]. It rests on the ability 
of an excited chromophore to undergo a photophysical or photochemical reaction 
thereby shifting its absorption line to a different spectral position. By this method 
a spectral hole could be burnt in the tail of the S 0 0-0 transition of MeLPPP 
with a maximum linewidth of 9 cm -1 , i. e. less than the spectral width of the 
Si—>S 0 0-0 transition inferred from a site-selectively measured fluorescence spec¬ 
trum, which was the instrumental resolution. By making use of the uncertainty 
principle that relates the dephasing time T 2 with the spectral width Av, T 2 = 
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(2jtAv) _1 this translates to a lower bound of 1.2 ps for the dephasing time. Since 
the efficiency of hole burning was unusually low, —10“ 9 , one can conjecture that 
this is the true dephasing time of those few polymer chain segments that ac¬ 
quired their optimal conformation already, while the majority of chains suffer 
structural relaxation after excitation. This result may be related to cw-fluorescence 
of perfect polydiacetylene chains isolated in a monomer crystal. They are Jt-con- 
jugated polymers, too, but in most cases they are nonfluorescent. At low tempera¬ 
ture a single chain of a particular poly diacetylene, i. e. the red form of 3 BCMY- 
PDA, emits fluorescence and, interestingly, the Sj—>S 0 0-0 transition is a single 
line with a spectral width of 3 cm -1 [62]. This translates into a dephasing time of 
3.6 ps, i. e. much longer than the dephasing time of an S 1 exciton in PPV of 
— 150 fs [63]. The implication being that the latter is determined by relaxation 
of a randomly packed polymer chain after optical excitation, absent if the chain 
is embedded within a perfect structural environment. 

3.2.3 

Excitation Dynamics 

The decay of the lowest singlet excited state of a Ji-conjugated molecule is a first- 
order reaction with a decay rate on the order of 1 ns -1 . Measuring the decay of the 
photoluminescence from a film of a Ji-conjugated polymer one often observes a 
deviation from an exponential pattern. While at early times the extrapolated 1/e 
decay time can be as short as 100 ps the long time emission decays more 
smoothly. This is a signature of intrachain and interchain energy transfer towards 
localized states of physical or chemical origin. It is obvious that unravelling the 
pathways by which an optical excitation can decay is crucial for any quantitative 
understanding of optoelectronic devices. 

The radiative lifetime of the state of Ji-conjugated oligomers depends on the 
chain length. Qualitatively, this is due to the superposition of coupled oscillators 
that form the excited state. Semiempirical quantum-chemical methods at the 
INDO/S level substantiate this reasoning [28]. In Fig. 3.12 the calculated radiative 
decays in oligomers of the ladder-type oligo(phenylene)s as a function of the re¬ 
ciprocal number of phenylene rings is depicted. When extrapolating the linear de¬ 
pendence to longer chains a lifetime of 300 ps is predicted. A similar dependence 
has been observed experimentally in oligo(fluorene)s [64]. In that case the extra¬ 
polated value for the infinite chain is 400 ps. This is in quantitative agreement 
with the measured fluorescence decay of the MeLPPP polymer dispersed in a 
low-temperature MTHF glass [65]. Not only does this result confirm the validity 
of the theoretical approach but confirms that neither nonradiative intersystem 
crossing to the triplet manifold, nor energy transfer to nonradiative traps are im¬ 
portant channels for deactivating the excited state of a isolated polymer chain. It is 
obvious that the shortening of the decay time in solid films must have extrinsic 
reasons. Figure 3.13 shows the fluorescence decay of a copolymer of phenyl-sub¬ 
stituted poly (phenylene vinylene) (PhPPV) in dilute MTHF solution at 295 K mea¬ 
sured with a streak camera [66]. The decay is almost single exponential although 
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Fig. 3.12 Calculated fluor¬ 
escence lifetimes as a func¬ 
tion of the system size. 
Reprinted with permission 
from [28], copyright 2001 
by the American Physical 
Society 


Fig. 3.13 Transient photo¬ 
luminescence of PhPPV in 
dilute MTHF solution at 295 
K. Solid and open symbols 
refer to probing at spectral 
positions A and B in the 
inset, respectively Reprinted 
from [66], copyright 2002, 
with permission from the 
American Institute of 
Physics. 


the decay times are slightly different upon tuning the monochromator to the 
emission features A (650 ps) and B (750 ps), which are illustrated in the inset 
of Fig. 3.13, that are either due to two different conformations or to the neat 
and aggregated chain [66]. 

However, in the film the lifetime is reduced to —400 ps if probed in the low- 
energy tail of the fluorescence spectra (Fig. 3.14). Upon probing at the high- 
energy wing the emission is highly nonexponential and features a fast initial 
decay. The reduction of the lifetime is a signature of excited-state quenching 
due to energy transfer to energy or charge acceptors involving interchain trans¬ 
port. The method of choice for delineating those processes is transient fluores¬ 
cence spectroscopy. 

Energy transfer is a ubiquitous phenomenon in molecular crystals in which 
singlet and triplet excitons with lifetimes of nanoseconds and up to 10-100 milli¬ 
seconds, respectively, migrate incoherently via either dipole-dipole or exchange 
interaction. Typical intermolecular jump times are 1 ps for singlet excitons and 
10 ps for triplets [2]. This implies that a singlet (triplet) exciton can visit some 
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Fig. 3.14 Decay of the photo¬ 
luminescence from a neat 
PhPPV film probed at different 
photon energies. Reprinted from 
[66], copyright 2002, with per¬ 
mission from the American 
Institute of Physics. 



10 4 (10 8 ) molecules before it decays intrinsically, the corresponding diffusion 
lengths being in the 10 nm (1 pm) range. However, there is an important phe¬ 
nomenon specific for polymers and any other disordered solid. This is spectral 
diffusion. It originates from disorder-induced inhomogeneous broadening of 
the levels of the excited states. An inevitable consequence is that an exciton gen¬ 
erated at an arbitrary site in the excitonic density of states (EDOS) distribution 
will tend to relax towards the tail states. As a consequence of the lower density 
of states in the tail the diffusivity of an exciton will decrease with time. The quan¬ 
titative assessment of this phenomenon is currently a hot topic in the research of 
the physics of devices utilizing ji-conjugated polymers. This includes color tuning 
of OLEDs with particular emphasis on the fabrication of white emitters and the 
energy channelling towards charge-transfer centers in photovoltaic cells. 


3.2.3.1 Time-dependent Spectral Diffusion 

When a photoexcitation is created within the inhomogeneously broadened density 
of states, it can relax by energy transfer to a neighboring chain segment with 
lower excitation energy. Once the excitation has moved to lower energy, absorp¬ 
tion of a phonon is required for transfer to a site with higher energy. At very 
low temperature, thermal phonons are not available and the relaxation is energe¬ 
tically a downhill process. As the energy of the excitation decreases through suc¬ 
cessive transfer steps, the probability for the next jump decreases accordingly 
since the concentration of sites with an even lower energy gradually diminishes. 
This type of dynamics has been termed dispersive transport. Below a certain 
energy (which may be interpreted as a 'mobility threshold’), the probability for 
hopping of an excitation to a site with lower energy is so small that practically 
no jumps take place during the natural lifetime of the excitation. 

Dispersive transport has been investigated both theoretically and experimen¬ 
tally. Theoretical studies [67, 68] predict that the average energy E of photoexcita¬ 
tions is proportional to log(t), with t the time after excitation [69]. This statement 
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holds for excitations with high initial energy. For excitations with lower initial 
energy, a waiting time is predicted before the excitation makes its first jump. 
This waiting time becomes longer as the start energy of the excitation is lowered. 
After the time required for the first jump, the average energy follows the E log (t) 
behavior. This 'delay" in relaxation results from the fact that the mean distance to 
another site with lower energy depends on the initial energy of the excitation and 
becomes longer as this start energy is lowered. Correspondingly, the electronic 
coupling is weaker and the energy transfer takes place at a slower rate. Time- 
resolved fluorescence measurements with fixed excitation wavelength have indeed 
revealed a time-dependent red-shift of the fluorescence spectrum in accordance 
with a dispersive relaxation process [70, 71, 72]. For poly(para-phenylene vinylene) 
derivatives at low temperature, it has been observed that the maximum of the 
fluorescence spectrum shifts over 80 meV in the time window from 0 to 100 ps. 
The monotonic shift with time extends well into the nanosecond time domain 
[43, 73], and so it seems that at low temperature the photoexcitations do not 
reach a stationary energy during their lifetime. The bathochromic shift of the 
fluorescence has been interpreted in terms of migration of the photoexcitations 
to chain segments with longer effective conjugation length and thus lower excita¬ 
tion energy through transport of energy by, for example, the Forster mechanism. 
Fluorescence decay of Ji-conjugated polymer recorded for various detection wave¬ 
length upon excitation with a fixed photon energy can also be interpreted in terms 
of dispersive transport (Fig. 3.14) [70, 71]. 

In Fig. 3.15 the fluorescence spectra of a polyfluorene (PF2/6) film recorded in 
time windows covering ca. 10 ps to ca. 2 ns are presented. The film was held at 80 
K and excited with 3.35 eV photons, i. e. well above the S^S 0 0-0 absorption 
band [73, 74]. The vibronic components show a gradual bathochromic shift of 
roughly 100 meV, indicative of spectral diffusion. Further insight into the relaxa¬ 
tion process is obtained by plotting the emission spectra as a function of the time 



Fig. 3.15 (Right) Time-gated 
fluorescence spectra of a film of 
polyfluorene PF2/6 after optical ex¬ 
citation at 3.35 eV at low tempera¬ 
ture (15 l<). The spectra were time 
integrated from 0-2, 8-10, 35-57, 
134-136, 329-331, 822-824 and 
1770-1850 ps, respectively. The 
arrow indicates the excitation en¬ 
ergy. (Left) Low-temperature (80 l<) 
absorption spectrum of the film. 
The dashed line is a fit of a Gaus¬ 
sian curve to the red edge of ab¬ 
sorption spectrum. Reprinted from 
[73], copyright 2001, with permis¬ 
sion from Elsevier. 
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Fig. 3.16 Energy corresponding to the 
first moment of the 0-1 vibronic emis¬ 
sion band of a polyfluorene film at low 
temperature (15 l<) plotted as a function 
of time after excitation. The excitation 
energies are: ■: 3.081, A: 3.046, 

T: 2.997, <>: 2.954, •: 2.951, O: 2.918, 

A: 2.914, V: 2.911, ♦: 2.903 eV ~ 

The asterisks indicate the excitation 
energies corrected for the energy differ- g) 
ence between the 0-0 transition and the ® 
first moment of the 0-1 vibronic band 111 
(0.209 eV). Reprinted from [73], copyright 
2001, with permission from Elsevier. 



offset between excitation and temporal position of the detection window. (In order 
to eliminate stray light and reabsorption affects this bathochromic shift is moni¬ 
tored via the >S 0 0-1 transition (Fig. 3.16). The energy difference between the 
Si—>S 0 0-0 transition and the first moment of the Sj—>S 0 0-1 vibronic band is 
0.209 eV.) As the energy is scanned towards the low-energy tail of the absorption 
band, the relaxation process is delayed, as expected. Upon pumping at 2.95 eV the 
spectral position of the emission is time independent up to 300 ps. After this time 
some spectral broadening and small shifts are observed. At the lowest excitation 
energies used (2.92-2.90 eV) the emission bands remain almost stationary; for 
t > 1 ns slight changes in the spectra indicate that limited relaxation can 
occur. Thus for excitation energies < 2.92 eV the data strongly indicate that the 
excitations are essentially immobilized and cannot move to another chain seg¬ 
ment with lower energy during their lifetime. 

The asterisks in Fig. 3.16 depict the excitation energies, corrected for the vibra¬ 
tional energy associated with the 0-1 vibronic band. To calculate this energy 
(0.209 eV), it is assumed that for the lowest excitation energy (2.903 eV) the emis¬ 
sion is resonant with the excitation and, on the spectral resolution of the experi¬ 
ment, there is no Stokes shift. Figure 3.16 also shows that additional relaxation 
channels open up for excitation energies > 2.94 eV. These give rise to very 
rapid dissipation of excess energy through processes occurring on a time scale 
far beyond the temporal resolution of the experiment. These events can most 
likely be attributed to intrachromophoric vibrational relaxation following excita¬ 
tion through higher vibronic transitions, which is expected to be complete within 
a few hundred fs (see Section 3.2.1). 
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The experimental results can be modelled in terms of the Movaghar et al. Effec¬ 
tive-medium approach [69, 73, 74] applied to hopping of either charged particles 
or excitonic states in a Gaussian DOS distribution. In the relevant time domain it 
predicts a logarithmic decay of the mean energy of an ensemble of excitations 
with a slope of 0.3cr per decade where a is the variance of the DOS. The latter 
can be inferred from the tail of the S 0 0-0 absorption for excitons that yields 
o = 70 meV. Since in polyfluorene the experimental slope Ae per decade is 0.02 eV 
the agreement between theory and experiment is excellent. In passing we note 
that the energy versus log X graphs for 3.05 eV and 3.08 eV excitation converge 
for X > 10 ps. This implies that apparently the excess photon energy relative to 
the lowest singlet 0-0 transition has very little effect on the relaxation process tak¬ 
ing place. This can be rationalized in terms of the excess energy being released 
into the vibrational heat bath on a time scale beyond the temporal resolution of 
the experiment and that temporal heating of the initially excited chain segment 
has little effect on the spectral diffusion. 

Another example of the same phenomenon is the spectral diffusion of singlet 
excitons in a PPV film whose cw fluorescence at 293 K and 1.4 K are shown in 
Fig. 3.17 [75]. Upon lowering the temperature there is a significant bathochromic 
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Fig. 3.17 (a) Steady-state 

spectra of PPV at 1.4 l< 
(solid lines) and at room 
temperature (dotted lines); 
(b) PPV fluorescence under 
temperature variation, from 
top to bottom: 40, 60, 100, 
160, 220 and 280 K. 
Reprinted from [75], copy¬ 
right 2004, with permission 
from Elsevier. 
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shift accompanied by spectral narrowing. In the 293 K fluorescence spectrum the 
prominent feature is a superposition of several vibronic 0-1 transitions. At the 
same time the fractional intensity of the S x —>S 0 0-0 transition decreases as the 
temperature increases. This effect has been noted before and it has been argued 
that at higher temperatures emission originates from shorter chain segments 
with somewhat higher excited state energies [76, 77, 78]. The temperature in¬ 
duced fractional decrease of the Sj—>S 0 0-0 transition has been attributed to a 
site-dependent Huang-Rhys factor, i. e. for shorter chain segments the Huang- 
Rhys factor increases implying that the strength of the Sj—>S 0 0-1 transition 
emission increases. However, this interpretation cannot be correct because at 
the same time the apparent energy difference between the Sj—>S 0 0-0 and 
Si^S 0 0-1 emission decreases as the temperature increases. This is at variance 
with the fact that the frequency of molecular vibrations is essentially temperature 
independent. The above effect is a signature of reabsorption that becomes more 
important as temperature increases because the global fluorescence spectrum is 
blue-shifted as a result of a decreasing amount of spectral diffusion. Therefore, 
the 0-0 emission overlaps with the tail of the S 0 0-0 absorption. 

This causes a fractional decrease of the intensity of the S^Sq 0-0 band and a 
concomitant spectral distortion. 

Figure 3.18 shows families of transient fluorescence spectra recorded at 1.4 K 
within short time windows covering the time domain from 200 fs to 20 ps and 
at selected excitation energies within the Si<— S 0 0-0 transition whose spectral 
width is —60 meV (Gaussian width). There is significant spectral diffusion 
upon exciting into the central portion of the EDOS (excitonic density of states). 
If one were to plot the S^Sq 0-1 emission spectra on a log X axis the logarithmic 
decay pattern with a slope of 0.35 o per decade would be recovered in good agree¬ 
ment with theoretical prediction, spectral relaxation is gradually eroded upon 
exciting into the absorption tail. 

Detection of time-resolved spectral diffusion is thus a method to monitor en¬ 
ergy transfer within an ensemble of chromophores not requiring an external 
fluorescent probe because the emitting states are only physically different but 
chemical identical. In a fluorescent system the energy transfer itself is a dipole- 
allowed transition with the coupling strength being determined by spectral over¬ 
lap quantified by the Forster integral. For chemically identical chromophores the 
Forster radius is small, typically 1 to 1.5 nm only. It is further diminished if the 
excited state of a chromophore couples to, for instance, a torsional mode that 
gives rise to an additional conformationally determined Stokes shift. An example 
is spectral diffusion in a Ji-conjugated polymer whose chain element is a diphe- 
nylene vinylene unit [79]. In this case the relaxation process is retarded. In gen¬ 
eral, the method of monitoring spectral diffusion to assess the importance of 
relaxation of optically excited states allows to identify the different origins of 
the observed Stokes shift, such as genuine spectral diffusion versus conforma¬ 
tional relaxation of a chromophore upon excitation. Extracting quantitative 
information on the excitation dynamics requires sophisticated theoretical data 
analysis. 



Counts (arb. units) Counts (arb. units) 
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Fig. 3.18 Fluorescence spectra (1.4 l<) for central excitation energies at (a) 2.583 eY 
(b) 2.480 eY (c) 2.385 eV and (d) 2.384 eY detected at a delay time (from top to bottom) 
of 200 fs, 400 fs, 1 ps, 2.5 ps, 5 ps, 10 ps and 20 ps (except (d), where the first record was taken 
at 800 fs). Because of stray light, the records are restricted to the 1<—0 vibron in (b-d); 
solid vertical lines are guidelines to the eye. Reprinted from [75], copyright 2004, with permis¬ 
sion from Elsevier. 
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3.2.3.2 Fluorescence Decay in Doped Conjugated Polymers 

In a molecular crystal the fluorescence decay reflects the sum of the rate constant 
for radiative and nonradiative decay of the excited state of the crystal. Information 
on energy transfer requires a fluorescent or nonfluorescent dopant that depletes 
the exciton reservoir. In a disordered system, in which the excited state is inhomo- 
geneously broadened a fluorescence decay study does yield information without 
requiring an excitation scavenger provided that the emission is spectrally resolved 
[see Section 3.2.3.1]. When measuring the decay within a spectrally narrow detec¬ 
tion window one monitors the relaxation across the spectrally assessed energy 
slice of the EDOS. Such experiments were first done on films of PPV [70]. 
They confirmed that the dwell time of excitations is significantly shortened as 
the detection window is scanned towards the high-energy tail of the fluorescence 
spectrum. A more recent example of this phenomenon is the spectrally resolved 
fluorescence decay from a neat PhPPV film, employing the streak-camera tech¬ 
nique [66]. 

Doping an organic system with an energy-accepting species yields additional in¬ 
formation on the efficiency of energy transfer. However, upon analyzing experi¬ 
mental results from disordered organic solids one has to take into account that 
there is a superposition of several processes that are not easily disentangled. 
For instance, if the dopant is a chromophore with both a lower excited-state en¬ 
ergy relative to the host and significant oscillator strength there is a convolution 
of donor-donor transfer across the host and donor-acceptor transfer, usually fea¬ 
turing different transfer rates. The latter process is absent if the dopant quenches 
the excited state of the host only via short-range charge transfer rather than by 
energy transfer. However, energy transfer across the host matrix is always accom¬ 
panied by spectral diffusion, implying that the rate of an individual transfer act is 
time dependent. 

An example of transfer of singlet excitons in a copolymer of the PPV-type, 
PhPPV, doped with trinitrofluorene (TNF), which is a strong electron acceptor, 
will be analyzed in greater detail. As expected, the fluorescence from a PhPPV 
film decays more rapidly as TNF is added. Since the absorption spectrum of 
TNF does not overlap with the emission spectrum of PhPPV, the quenching of 
the PhPPV singlet excitation must be due to electron transfer from the singlet ex¬ 
citation rather than due to energy transfer. The generated electron-hole pair, i. e. 
charge transfer state, must decay nonradiatively because the energy of a geminate 
(PhPPV) + and (TNF)~ pair is insufficient to generate an emissive state. For quan¬ 
titative assessment of energy transfer in a donor-acceptor system one can mea¬ 
sure fluorescence of donor and/or acceptor as a function of concentration 
under steady or time-resolved conditions. In a system devoid of disorder, such 
as a molecular crystal, transfer of an exciton among an ensemble of donor mole¬ 
cules is a first-order process associated with a well-defined rate constant that de¬ 
pends on the concentration of the acceptor [2]. This is no longer the case for an 
energetically or spatially random system because the rate of the individual trans¬ 
fer events features a distribution. The simplest case is that of single-step Forster 
transfer in a solution of donors and acceptors. In this case the distribution of rates 
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Fig. 3.19 

KWW (Kohlrausch- 
Williams-Watts) 
plots for PhPPV films 
with various TNF 
concentrations. 
Reprinted from [66], 
copyright 2002, with 
permission from the 
American Institute of 
Physics. 


is solely determined by the random donor-acceptor distances. One operational 
way to characterize the fluorescence decay in a disordered system is to plot the 
time-dependent fluorescence intensity I(t) in terms of the Kohlrausch-Wil- 
liams-Watt (KWW) function, i. e. I(t) = I 0 exp[-(t/t 0 )^]» where 0 < p < 1 is a dis¬ 
persion parameter. In a KWW-type data representation the slope of a linear In 
Io/I(t) versus time dependence plotted on a double logarithmic scale is p. In clas¬ 
sic Forster-type donor-acceptor transfer, p = 1/2. The 1/e decay time is inferred 
from the ordinate value In I(t 1/e /t 0 )/I 0 = 1. An example is the time-dependent 
fluorescence intensity of PhPPV doped with variable amounts of TNF (Fig. 
3.19). It is noteworthy that on a In I(t)/I 0 vs. log t scale the decay pattern is merely 
shifted along the abscissa, maintaining its functional character except for a mar¬ 
ginal change of f> from —0.7 at the lowest concentration (0.22 %) to —0.6 at high¬ 
er concentration (Fig. 3.19). Remarkably, the KWW plot for the undoped film 
features the same decay law and f> exceeds the value expected for a single-step 
Forster process. This suggests that (i) in the undoped system the decay of singlet 
excitations is controlled by basically the same kind of stochastic process and (ii) 
the random process is multistep energy transfer among energetically disordered 
donor moieties. In Fig. 3.20 the 1/e decay times as well as the l/2e decay times 
are shown as a function of concentration. They agree with the drop of steady-state 
fluorescence intensity as the concentration increases. 

Upon recording the cw fluorescence spectra as a function of TNF concentration 
a continuous hypsochromic shift with increasing concentration is observed (Fig. 
3.21). It is matched by an analogous bathochromic shift in the time-resolved spec¬ 
tra upon shifting the temporal detection window to later times. Both phenomena 
are related and can be attributed to the spectral diffusion of the PhPPV singlet 
excitation. The reason is that at increasing concentration of the dopants the 
host excitations have less time to relax spectrally. Therefore the fraction that 
will emit before energy transfer is completed must decay from higher states of 
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Fig. 3.20 (A) TNF concentration depen¬ 

dence of PL decay times as 1/e (solid rec¬ 
tangle) and 1/2e (open rectangle). (B) TNF 
concentration dependence of cw photolu¬ 
minescence (PL) intensity at 295 l< and 80 l< 
at various excitation energies. The solid line 
was calculated from ^ = -(ko + k t c)[s] 
using a t 0 = 0.7 ns and k t = 3.18 x 10 12 s -1 . 
Reprinted from [66], copyright 2002, with 
permission from the American Institute of 
Physics. 



TNF concentration (%} 


the EDOS. Since the intrinsic fluorescence decay pattern of the polymer in a bulk 
film or in MTHF solution ought to be virtually identical, the experimentally ob¬ 
served shortening of the decay time from 700 ±50 ps in solution to 400 ps in 
the film must be due to quenching by inadvertent impurities that are nonfluores- 
cent, i. e. must act as charge-transfer centers like TNF. Based upon first-order 
quenching kinetics (see solid line in Fig. 3.20), one estimates, that their concen¬ 
tration has to be about 0.04 % only. By the way, it turns out that those impurities 
are responsible for cw photoconduction close to the absorption edge [80]. Ob¬ 
viously, roughly one impurity molecule per 2000 monomer repeat units is suffi¬ 
cient to quench 50 % of all primary excitations. On the other hand Monte Carlo 
simulations of the exciton relaxation within a Gaussian EDOS indicate that the 
number of jumps an exciton can make during its lifetime is roughly 5 only 
[81]. Both facts can only be rationalized by invoking delocalization of an excitation 
within chain segments comprising typically ten repeat units bearing in mind, 
however, that the delocalized entity is a coulombically tightly bound electron- 
hole pair migrating coherently or incoherently within a polymer segment. 
Based upon this notion the experimental results can be accounted for by analytic 
theory [82]. 

The other alternative for exciton quenching due to doping is Forster-type energy 
transfer towards a chromophore with bathochromatically shifted absorption spec¬ 
trum so that the spectral overlap between the donor and acceptor absorption is 
larger. An example is fluorescence quenching in a film of poly(phenyl-pheny- 
lene-vinylene) (PPPV) blended with polycarbonate (PC) at a PPPV:PC ratio of 
20:80 per weight and doped by the 4-dicyanomethylene-2-methyl-6-p-dimethyla- 
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Fig. 3.21 (A) cw photo¬ 

luminescence spectra of a 
neat PhPPV film at 80 l< 

(2 exc = 425 nm). (B) Time- 
resolved photoluminescence 
spectra of a neat PhPPV film at 
290 l< (2 exc = 430 nm). 
Reprinted from [66], copyright 
2002, with permission from 
the American Institute of 
Physics. 
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minostyryl-4H-pyran (DCM) at weight ratios DCM:PPPV between 10 and 0.25 
[83]. The fluorescence was recorded in both the cw and transient mode at either 
295 or 10 K. Figure 3.22 shows the absorption and fluorescence spectra of an un¬ 
doped PPPV/PC film and a film of DCM dispersed in PC. The emission spectra of 
the doped samples are a superposition of the PPPV and DCM spectra, their rela¬ 
tive intensities depending on the DCM concentration (Fig. 3.23). The occurrence 
of energy transfer from PPPV to DCM is obvious. This is further illustrated by 
Fig. 3.24, showing the temporal decay of the host emission detected at a photon 
energy of 2.53 eV at 10 K. Note that at 10 K the fluorescence decay is nonexponen¬ 
tial while at 295 K (not shown) it is faster and almost exponential. The latter ob¬ 
servation indicates that energy transfer is not a single-step donor-acceptor trans¬ 
fer tractable by Forster’s theory but rather an almost time-independent exciton dif¬ 
fusion within the host matrix followed by a final transfer to the acceptor because 

-I 

single-step transfer should feature a KWW decay law with an exponent y 2 . At 
lower temperatures donor-acceptor transfer is time dependent because of time- 
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Fig. 3.22 Comparison of the 
time-integrated emission and 
absorption spectra of DCM 
and PPPV both in a matrix of 
polycarbonate (PC). Rep¬ 
rinted from [83], copyright 
1996, with permission from 
Elsevier. 
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Fig. 3.23 Photoluminescence 
(PL) spectra of differently 
doped samples at 7= 10 K. 
The excitation photon energy 
is 3.1 eV Reprinted from [83], 
copyright 1996, with permis¬ 
sion from Elsevier. 



Energy (eV) 


dependent spectral diffusion. This process can be analyzed analytically employing 
time-dependent hopping theory as outlined below. 

In the course of energy relaxation an exciton of energy E will, most probably, 
jump to a molecule in which its energy will be smaller than E. The density of 
accessible molecules will decrease after every exciton jump and, therefore, the 
distance to a next accessible target molecule will, on average, increase with 
time. The density of target molecules, accessible for an exciton of an energy E, 
N(E), is fully determined by the EDOS distribution g(E): 

E 

N(E)= ( d E’g(E’) (3.5) 

-OC 

where E is the acceptor energy. The dependence of the energy transfer rate, v(r), 
upon the distance r between an emitter chromophore of the energy E and an 
acceptor chromophore of the energy E’ is described by the Forster formula as: 
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where r F is the Forster radius that generally depends upon the energies of both 
emitter and acceptor chromophores via the spectral overlap integral, and r the 
exciton lifetime. Since the widths of both the intrinsic and acceptor EDOS distri¬ 
bution (—50-100 meV) are normally considerably smaller than the energy differ¬ 
ence between them, it is possible to approximate the energy dependence of the 
Forster radius by two constants. The first, q, describes the energy transfer be¬ 
tween chromophores within the intrinsic EDOS while the second, r d , corresponds 
to exciton jumps from intrinsic states to acceptors. 

As one can see from Eq. (3.6), the Forster jump rate strongly decreases with 
increasing distance between an emitter (starting site) and an acceptor (target 
site). Therefore, excitons will normally jump to the nearest accessible target 
sites. If the energy of an excited molecule is E, the probability densities are 
(E, E\ r) and w d (E, E’, r) of having such an either intrinsic or dopant target 
site, respectively, of the energy E’ < E over the distance r is given by the Poisson 
distribution as 


w i{i) {E, E’, r) = 4jrr 2 g. (d) (£')exp 


4jt 


r 3 N l[d) (E) 


, E < E' 


(3.7) 


where Nj and N d are total densities of intrinsic, gi(E), and dopant, g d {E), sites of 
energies below E. If an exciton does have a nearest accessible intrinsic (dopant) 
target site over the distance r, the probability p i(d) (r, X) that it has not yet jumped 
to this site until the time X is also described by the Poisson formula: 


Pi(A)( r ’ 0 = ex Pb v i(d)(r)t] = exp 



(3.8) 


An exciton still occupies an intrinsic starting molecule of the energy E at the time 
X if it jumped to neither host nor dopant molecules until this time. The respective 
probability, WfE, X), can therefore be calculated as a product of the probabilities of 
having jumped to neither host nor guest molecules as 


Wi (E,X) = 4jtNfE) 
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(3.9) 


Equation (3.9) can be considerably simplified if one accounts for the very steep 
coordinate dependence of the Forster jump rate. Under these circumstances 
the second exponentials in the integrands of this equation can be written as 
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Substituting Eq. (3.10) into Eq. (3.9) yields then 


Ajz f t\ 


1/2 


Wi(E,i) = exp<( - — (-) [rf Ni(£) + rjN d (E)] 


(3.10) 


(3.11) 


An exciton, occupying a host molecule, can jump to both intrinsic and dopant tar¬ 
get sites independently. If this exciton has jumped to another host molecule, it is 
liable to further energy relaxation. However, if it has jumped to a dopant molecule 
it is quenched and cannot return to a host molecule. Although energy relaxation 
can further proceed within the manifold of dopants, its rate and, concomitantly, 
the value of the corresponding Forster radius do not affect the kinetics of exciton 
quenching. Assuming that all dopants are deeper in energy than any host mole¬ 
cule one can disregard energy transfer between dopant chromophores and 
Eq. (3.11) reduces to 


WfE,t) = exp 




(3.12) 


In order to obtain the energy distribution functions of excitons, occupying the in¬ 
trinsic sites, fi(E, t), one has to account for contributions from both excitons that 
still occupy molecules in which they have been initially generated and excitons 
that made one or more jumps within the manifold of intrinsic sites. The former 
contribution, p 0 (t), can be calculated by multiplying Eq. (3.12) by the intrinsic 
EDOS distribution and integrating the product over energy. The result reads: 



where N t is the total (energy-integrated) density of intrinsic sites. An exciton, 
currently occupying a host molecule, can jump to either a dopant molecule or 
a deeper intrinsic site. As one can see from Eq. (3.12) the relative probability of 
such jumps is determined by the products of the respective densities of states 
and Forster radii. Therefore, the occupational probability for intrinsic sites, occu¬ 
pied by excitons that made at least one jump by the time t,f(E, t), can be written 
as 
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(3.14) 


Integrating this equation over energy, adding the density of excitons that still re¬ 
side in 'parent 7 host molecules, and accounting for the radiative decay of excitons 
yields the total density p { (t) of excitons occupying intrinsic sites at the time X : 



(3.15) 


In the absence of the exciton energy diffusion within the intrinsic EDOS distribu¬ 
tion, i. e. with q = 0, Eq. (3.15) reduces to the (X/r) 1/2 dependence obtained by 
Klafter and Blumen [84] for the Forster-type donor photoluminescence quenching 
by randomly distributed exciton acceptors. 

The theory has been used to analyze the experimental data in Fig. 3.24. Using 
the spectroscopically determined values for the Forster radii for donor-donor (q) 
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Fig. 3.24 Photoluminescence (PL) transients of the different samples. The detection energy 
is 2.53 eY corresponding to the S^Sq (0-0) emission band of PPPV [83]. The lines are fitting 
curves calculated from Eq. (3.15) - see text for further details. The inset shows experimental 
DCM:PPPV ratios and the dopant concentrations used in the calculations. Reprinted with 
permission from [82]. Copyright 2004 by the American Physical Society. 
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and donor-acceptor (r d ) transfer (q =1.2 nm, r d = 3.8 nm) and using a fluores¬ 
cence lifetime in the undoped sample of 400 ps the agreement between experi¬ 
ment and theory is excellent. A cautionary note is appropriate, though, because 
the theory has been formulated for point-like chromophores thus ignoring exciton 
delocalization within a polymer segment. In view of the large value of the Forster 
radius for dipole-dipole-type donor-acceptor transfer compared with charge 
transfer (see above) this can be justified. It is worth mentioning that in the origi¬ 
nal paper [83] energy transfer was analyzed in terms of single-step Forster theory. 
As expected, the inferred value for r F turned out to be larger than the value based 
upon the spectral overlap integral because that analysis ignores donor-donor 
transfer prior to donor-acceptor transfer. The current theory takes proper account 
of this fact. 


3.3 

Optically Induced Charge Carrier Generation 

Because the binding energy, E h , of a singlet exciton in a conjugated polymer is 
about 0.5 eV or larger [18, 85, 86], its dissociation into a coulombically unbound 
electron and hole requires extra energy. In this respect classic molecular crystals 
behave in a similar fashion except E h is even larger, i. e. 1 eV, because the “size” of 
the excitation residing on a molecule like anthracene is on the order of 0.1 nm 
only [2]. This precludes thermally or electric-field-induced dissociation because 
the rate constant for that process is vanishingly small relative to the rate constant 
for intrinsic decay. Therefore intrinsic photogeneration can only be accomplished 
via higher excited states. However, because in ji-conjugated polymers the size of a 
singlet exciton, i. e. the rms separation of the electron-hole pair of a singlet exci¬ 
ton, is larger, i. e. typically 1 nm [14, 28], there can be exemptions to the above 
rule. Action spectra of photoconductivity in conjugated polymers do indicate 
that photoconduction starts right at the optical absorption edge implying that 
singlet excitons do have a finite chance for dissociation [87]. Meanwhile, it is 
well established, however, that most of this photoconductive response is due to 
either dissociation of relaxed singlet excitons at an electrode [88, 89] or via charge 
transfer to deliberate or inadvertent doping of strong electron acceptor or donors 
[80]. Intrinsic dissociation does occur but it requires a strong electric field and/or 
excess photon energy. These processes will be outlined briefly below. A more com¬ 
prehensive treatise can be found in ref. [86]. 

3.3.1 

Intrinsic Photogeneration 

Because radical ions feature red-shifted absorption spectra relative to those of the 
neutral parent molecules, transient absorption spectroscopy is the method of 
choice for monitoring dissociation of a neutral excited state into charged moieties 
[90]. Considering the fact that a high electric field is likely to be needed to disso- 
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date a relaxed singlet exdton a double modulation technique was applied to probe 
photogeneration of charges in a film of MeLPPP [91]. A periodic (5 kHz) electric 
field was applied to the sample and the transmittance of the sample in the spec¬ 
tral range in which radical cations/anions absorb was monitored via pump probe 
spectroscopy. When exciting the sample by moderately intense (< 14 pj) 100-fs 
pulses of 3.1-eV photons the observed polaron signal increased smoothly featur¬ 
ing a stretched exponential law. Importantly, the number of generated polarons 
increased continuously within the time window between =1 ps and =500 ps. 
Note that the lifetime of a S 1 exciton in MeLPPP is 300 ps. The intensity of the 
signal increased in a power-law fashion with the electric field. These two observa¬ 
tions prove that (i) the dissociating species is the relaxed singlet exciton after its 
vibronic excess energy has been dissipated and (ii) dissociation requires extra en¬ 
ergy. Using random walk theory the field dependence of dissociation can be ratio¬ 
nalized in terms of an exciton binding energy of about 0.8 eV [86]. Note that a 
calculation by solving the Bethe-Salpeter equation for a two-body Green function 
of the electron-hole pair yielded E h = 0.64 eV [14]. Studies of the electric-field-in¬ 
duced fluorescence quenching on members of the PPV-family indicate that the 
value of E h is more or less independent of the type of conjugated polymer [11, 92]. 

Similar experiments to those reported in ref. [91] had suggested that field-in¬ 
duced dissociation of the S 1 exciton in MeLPPP is efficient only during the earlier 
stage of exciton dynamics [90]. Meanwhile, it has been recognized that it is due to 
annihilation of singlet excitons at higher photon dose [93, 94]. This process short¬ 
ens the singlet exciton lifetime and at the same time increases the dissociation 
yield because the extra electronic energy of an excited state can be used to com¬ 
pensate the energy needed for dissociation. An early proof for the latter notion 
that the exciton binding energy E b is >> kT is the increase of the cw photocon¬ 
duction yield at an energy roughly 1 eV above the S^S 0 0-0 absorption edge 
[89, 95, 96, 97]. Extending their earlier work [91], Gulbinas et al. [98] meanwhile 
increased the photon energy to 4.6 eV and observed a fast onset of photodissocia¬ 
tion of nonrelaxed excitons superimposed onto the slow dissociation signal due to 
relaxed singlet excitons. The former process resembles autoionization of a higher 
Franck-Condon state known to be a general phenomenon in molecular crystals 
[2, 99]. The extra energy required for generating an electron-hole pair can also 
be supplied by two-photon absorption [100], in the course of bimolecular anni¬ 
hilation of two excitons [93, 100, 101] and upon subsequent optical excitation of 
a relaxed singlet exciton [102, 103, 104]. The latter process bears some analogy 
to optical detrapping of a trapped charge carrier in a molecular crystal [105]. 

A model of photodissociation of a superexcited Franck-Condon state has been 
based upon the notion that the extra electronic energy is converted into vibra¬ 
tional energy of the originally excited segment of the polymer chain. Before dis¬ 
sipating the excess energy into the phonon bath its local temperature is higher 
[106] and the exciton can dissociate thermally in the course of a quasiequilibrium 
Boltzmann process. Both the weak temperature dependence and the field depen¬ 
dence of photoconduction at higher photon energies can be explained in terms of 
this model [97]. An alternative model assumes that the excess photon energy is 
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initially stored in a low number of discrete vibrational modes before vibrational 
coherence is lost (—30 fs) [107]. In order to discriminate between both mechan¬ 
isms one has to monitor the appearance of the polaron signal on a sub-ps time 
scale. It appears plausible, though, that both processes contribute and on a ps 
time scale the slower process will win. 

3.3.2 

Geminate Electron-Hole Pairs 

In view of the low dielectric constant of organic materials, coulombically bound 
electron-hole pairs or, synonymously, geminate pairs (GPs) play an important 
role in the photophysics of organic solids [2]. Since the oscillator strength for 
their direct optical generation decreases exponentially with intrapair distance 
they are not directly excited, the only exception being charge transfer (CT) states 
of adjacent molecules in acene crystals [108]. Their absorption spectra are hypso- 
chromically shifted relative to the S 0 0-0 transition and their oscillator 
strength is a few per cent of that of the latter transition [108]. Non-nearest-neigh- 
bour GPs are generated either via autoionization from a higher Franck-Condon 
state or of the bimolecular recombination of singlet or triplet excitons. Being me¬ 
tastable relative to the S 1 exciton, GPs in molecular crystals and organic liquids 
are much shorter lived than the S 1 state unless traps are involved [2]. Pursuing 
the latter argument further it is straightforward to conjecture that in disordered 
organic solids, e. g. molecular glasses or conjugated polymers [109], their lifetime 
should be greatly extended, because cascading towards the coulombic potential 
well requires intermediate thermally activated transport. 

Striking evidence on the existence of GPs in conjugated polymers is the phe¬ 
nomenon of thermally stimulated luminescence at very low temperatures (5 K). 
Upon heating a MeLPPP film after photoexcitation at 5 K delayed luminescence 
is observed on a time scale of hours [110, 111]. This can only arise from the re¬ 
combination of charges locally trapped in tail states of the densities of charge 
transporting states. Monitoring the decay of the delayed fluorescence (DF) is a 
probe of the first-order recombination of GPs at a given temperature, making 
sure, however, that the effect is in fact due to GPs rather than the bimolecular 
recombination of a pair of triplet excitons, which is the conventional origin of 
DF in molecular crystals [2]. Both processes can be disentangled by applying a 
strong electric field during or after optical excitation, because only GPs respond 
significantly to an electric field [112, 113]. Experiments on MeLPPP and on 
PhPPV revealed an order of magnitude effect on the DF intensity upon turning 
on/off a pulsed 2-MV/cm field. This effect greatly exceeds any field-assisted 
quenching of singlet excitons that might be created upon the fusion of few triplet 
excitons. It turns out that the recombination-limited DF decays in a power-law 
fashion, I DF (t) — t~ n with n — 1, as expected for disordered systems where both 
the initial intrapair distance and the energy barriers that impede recombination 
are randomly distributed [114]. Even at room temperature DF can extend well 
into the microsecond range. 
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Another way to distinguish whether delayed fluorescence is caused by the 
fusion of two triplet excitons or by the recombination of geminate electron- 
hole pairs is to measure its action spectrum. Triplets are generated via intersystem 
crossing from vibrationally relaxed singlet excitons, while the formation of GPs 
commences only when the photon energy equals the S 1 energy plus the coulombic 
energy required to expand the state into a GP. Such an experiment was per¬ 
formed on single poly-chinoxalin polymer chains in which the repeat units are 
directly linked together. The polymer was embedded in a frozen MTHF matrix. 
Remarkably, DF has not been observed until the photon energy is 0.4 eV above 
the S 0 0-0 transition [115]. On the contrary, in another type of polychinoxalin 
containing an ether linkage between the repeat units that weakens Ji-conjugation 
within the polymer chain, DF commenced right at the absorption edge. Com¬ 
bined with independent evidences this indicates that in this case DF originates 
from triplet-triplet fusion. The result for the experiment on the directly linked 
poly-chinoxalin polymers is the first direct spectroscopic probe of autoionization 
of an energetically hot Franck-Condon state in a single polymer chain. The value 
of 0.4 eV represents a lower bound for the exciton binding energy because the 
GPs are still coulombically bound. The fact that the effect is interrupted by an 
ether linkage proves that the degree of ji-electron delocalization is crucial for 
the efficiency of autoionization. It is straightforward to conjecture even in a 
bulk polymer film the initial dissociation event is on-chain autoionization. De¬ 
pending on the energy landscape inside the chain the majority of GPs will recom¬ 
bine quickly to form a relaxed S 1 state. The remaining portion will transfer one of 
the constituted charges to an adjacent chain. It will be that portion of initially gen¬ 
erated GPs that, e. g., give rise to photoconductivity. This is in accordance with 
experiments in which charge generation in MEH-PPV is probed on a sub-ps 
time scale employing terahertz radiation. It turned out that the dissociation effi¬ 
ciency is 100 times larger in the film as compared with dilute benzene solution at 
295 K [116]. Apparently, at temperatures far beyond the glass transition the con¬ 
formational dynamics of the polymer chain is ultrafast and erodes any local struc¬ 
ture in the energy landscape that would be required for temporarily trapping a 
GP. 

The question of how GPs are formed and how they decay is ultimately related 
to the photoconductivity. The general notion has always been that in molecular 
crystals and molecularly doped polymers photogeneration is a multistep process. 
The initial event is the field- and temperature-independent autoionization of a 
Franck-Condon state with sufficient energy. It generates a GP that can either 
recombine or fully dissociate in the course of field- and temperature-assisted 
Brownian motion as described by Onsager’s theory [117]. Therefore the field 
and temperature dependence of intrinsic photogeneration is entirely due to the 
escape of the GP from the coulombic potential. In conjugated polymers the situa¬ 
tion is fundamentally different because the rate-limiting step is the field-assisted 
dissociation of a more or less relaxed singlet exciton into a GP, rather than the 
subsequent full dissociation [11]. Analyzing such data in terms of Onsager’s ap¬ 
proach would yield incorrect numerical results. 



3.3.3 

Sensitized Photogeneration 


3.3 Optically Induced Charge Carrier Generation 


129 


Since dissociation of a relaxed singlet exciton in a conjugated polymer is an 
endothermic process, its efficiency is low, notably at moderate electric fields as 
are usually applied in photoconductivity. Within the spectral range of the 
Si<—S 0 0-0 transition and at light intensities at which nonlinear effects are absent 
observed photocurrents are due to sensitization via exciton diffusion towards in¬ 
advertent or deliberately added dopants with large electron affinity or low ioniza¬ 
tion potential [118] (see Section 3.2.3.2). Recall that in PhPPV a relative dopant 
concentration (by weight) of 5 x 10“ 4 quenches 50 per cent of singlet excitons 
thereby creating GPs comprising a PhPPV radical cation and negatively charged 
dopant. It is not surprising that deliberate doping at moderate concentrations 
photoconduction is almost concentration independent because the number of 
singlet excitons that form sensitized GPs can only increase by a factor of two. 
This is confirmed by photoconductivity studies on PhPPV doped by trinitrofluor- 
enone and perylenediimide. A significant increase of the photocarrier yield has 
only been observed upon increasing the perylenediimide concentration beyond 
= 20% (by weight) [118]. However, it is not easy to understand why the photocar¬ 
rier yield at moderate doping, i. e. when more than 50 % of the singlet excitons 
form a donor-acceptor-type GP, is, depending on electric field, as low as 10~ 4 
to 10“ 3 , while the temperature dependence is much weaker, as expected for a cou- 
lombically bound GP of intrachain separation of 1 nm, i. e. 0.4 eV. Attempts to 
solve this paradox involve (i) the random walk of the dissociating GP with statis¬ 
tically random start energy [119] and (ii) the notion that the charge on the poly¬ 
mer segment oscillates within the coulombic potential as in the Morse potential 
of a diatomic molecule and the associated kinetic energy can assist escape [120]. 

Photostimulated charge transfer towards an acceptor and the subsequent es¬ 
cape from the coulombic potential is the rate-limiting step in a photovoltaic cell 
[121, 122]. It is apparent that achieving high charge generation efficiency involves 
a solution of the problem of how to overcome coulombic attraction of the GP. 
A crucial role is played by the internal interface between donor and acceptor 
microphases [123, 124, 125]. A special strategy is appropriate tuning of the 
HOMO/LUMO levels of the donors and acceptors ensuring that electron-hole 
capture is barrier free [56, 126]. Another way to accomplish efficient GP dissocia¬ 
tion involves the establishment of an interfacial weak dipole field between the 
donor and acceptor already existing in the dark that tends to inhibit geminate 
recombination [127]. These questions will be addressed in greater detail in 
other chapters of this book. 
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3.4 

Triplet States 

3.4.1 

Phosphorescence 

Before discussing phosphorescence in conjugated polymers in detail it is appro¬ 
priate to recall some basic knowledge about this phenomenon in low molecular 
weight organic materials, such as aromatic hydrocarbons [2, 128]. Phosphores¬ 
cence is the radiative decay of triplet excitons in conjugated organic molecules. 
It involves the transition from the T 1 excited state to the S 0 ground state. The 
change of spin within this transition requires spin-orbit coupling to conserve 
total momentum. Since in aromatic hydrocarbons commonly electronic transi¬ 
tions of the Jt-Jt* type are involved, the spin-orbit coupling is very weak. Thus, 
this transition is spin forbidden and the intensity is orders of magnitude smaller 
than the intensity of fluorescence from the singlet excited state. For the same rea¬ 
son the lifetime of the triplet state is very long, up to milliseconds or even sec¬ 
onds, compared with nanoseconds for fluorescence. During the long lifetime of 
the triplet state the exciton is liable to diffusion to trap states or to bimolecular 
reactions with other excitations such as triplet excitons, singlet excitons or charge 
carriers. These competing processes often prevent the observation of phosphores¬ 
cence especially at room temperature. 

The triplet state is usually populated via intersystem crossing (ISC) from 
the optically excited singlet state. Since ISC requires vibrational coupling be¬ 
tween the S 1 and T 1 levels, ISC is more efficient if the two states are close 
in energy. The ISC rate k lsc depends exponentially on the energy gap (AE sr ) 
k lsc ~exp (~AE sr /E 0 ), E 0 being an empirical parameter related to molecular vibra¬ 
tions. In aromatic hydrocarbons the AE sr is about 1 eV, as apparent from the red- 
shift of the phosphorescence spectrum relative to the fluorescence spectrum. The 
large energy separation is a manifestation of the importance of exchange interac¬ 
tion in organic molecules. The rates of ISC increase significant, if a triplet level 
such as T 2 is close to S 1 in energy. This is realized in tetracene where ISC is 
much higher compared with anthracene. Typical ISC rates in aromatic hydrocar¬ 
bons are on the order of 10 6 s _1 at least two orders of magnitude lower than the 
fluorescence rate. This results usually in low triplet quantum yields in acene crys¬ 
tals. The weak spin-orbit coupling in aromatic hydrocarbons can be achieved by 
vibration-induced mixing of Jt,o orbitals. The bending vibration of C-H bonds in¬ 
duces a higher “S” character in the orbital and thus weak spin-orbit coupling. 
More efficient is the spin-orbit coupling in molecules with n—>jt* transitions, 
such as benzophenone, where significant phosphorescence can be observed. 
The rate of intersystem crossing in benzophenone increases to 10 11 s _1 . Introdu¬ 
cing heavy atoms such as Cl, Br, I into the molecular structure leads to higher 
ISC, because of higher spin-orbit coupling. 

Contrary to the vast amount of experimental and theoretical studies on the 
photophysics of the singlet state of conjugated polymers there is still limited 
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information about the role of the triplet state in these materials. Despite the fact 
that understanding the role of T 1 is crucial to gain a complete understanding of 
the photophysics of conjugated polymers. From an application point of view it is 
even more desirable to clarify the role of triplets, since in OLEDs the probability 
of formation of triplets under electrical excitation is more likely than under photo¬ 
excitation. This issue will be discussed in other chapters of this book. 

Information about the generation and decay of triplet states in conjugated poly¬ 
mers has been acquired mainly via indirect detection techniques such as transient 
photoinduced triplet-triplet absorption (PIA) [129, 130, 131, 132] and optically de¬ 
tected magnetic resonance (ODMR) [133, 134]. The advantage of the measure¬ 
ment of triplet-triplet absorption is that the measured quantity is directly propor¬ 
tional to the density of triplet states, thus yielding information about the forma¬ 
tion and decay rates of triplets. In ODMR basically the same quantity as in PIA is 
measured, the only difference being that the signal is modulated by a magnetic 
field. The detection of delayed fluorescence has also been used to prove the exis¬ 
tence of triplets and investigate their bimolecular decay in conjugated polymers 
[135, 136]. However, no information about the energetic position of the triplet 
state, the shape of the spectrum or radiative decay times of triplets can be inferred 
from these experiments. The energetic position of the triplet state in conjugated 
polymers has been located by pulse-radiolysis-induced energy-transfer experi¬ 
ments [8, 137, 138]. By applying a strong electron pulse from an accelerator to 
a benzene solution containing the polymer, triplet states in benzene are popu¬ 
lated. If appropriate triplet sensitizers are present in solution the initially created 
benzene triplets are transferred to the polymer via the sensitizer with almost unit 
efficiency. This is monitored by PIA measurements of the triplet-triplet transition 
of the polymer. If the triplet energy of the sensitizer is below the triplet level of 
the polymer energy transfer is impeded and no triplet-triplet absorption can be 
detected. Thus, from variation of the triplet energy of the sensitizer the triplet 
state of the polymer can be estimated. For MeLPPP, a prototypical conjugated 
polymer of the PPP-type, T 1 was located at 2.15 eV using this technique [137]. 
Pulse-radiolysis experiments on a variety of conjugated polymers led to the em¬ 
pirical formula E (T^ = 1.13 E (S x ) -1.43 (±0.25) to estimate the triplet energy 
from the known energy of the singlet state [8]. Of further advantage of the 
pulse-radiolysis experiment is the possibility to estimate the quantum yield of 
triplet formation. Typical values for luminescent conjugated polymers such as 
polyfluorene are on the order of 3 % at most [139]. A serious drawback of the tech¬ 
nique is the restriction to solution and room-temperature experiments. 

Direct observation of phosphorescence from conjugated polymers has been 
achieved by the application of gated detection techniques. In these techniques 
the detection window of an intensified CCD is delayed with respect to the excita¬ 
tion laser pulse. Therefore the detector is blocked during the intense prompt 
fluorescence caused by the conjugated polymer and able to detect the delayed 
emission that is usually orders of magnitude lower than prompt fluorescence. 
Spectrally resolved detection allows for the observation of the shape and energetic 
position of the delayed emission. By varying the width of the detection window 
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and the delay between excitation and detection, the kinetics of the delayed emis¬ 
sion can be investigated. 

The first observation of phosphorescence with gated detection techniques from 
a conjugated polymer has been reported for films and frozen solutions of 
MeLPPP [7]. Figure 3.25 shows the absorption and delayed emission spectra of 
a thin solid film of MeLPPP. The emission was recorded 5 ps after excitation 
with 5-ns laser pulses of 2.76 eV (450 nm) energy. Two contributions to the de¬ 
layed emission are apparent. The position of the emission at 2.68 eV (463 nm) 
with a vibronic splitting of 180 meV is identical to the prompt fluorescence. It 
can be assigned to delayed fluorescence (DF) from the singlet state [7, 136]. In 
the low-energy part of the delayed emission a peak at 2.08 eV (596 nm) can be 
identified, the vibronic splitting to the second peak being again 180 meV charac¬ 
teristic of a C = C stretch vibration of the phenyl ring [29]. Since this emission is 
absent at room temperature, is long lived and has the same vibronic splitting as 
that of DF, it has to be assigned to phosphorescence [7, 136]. Taking into account 
the different experimental conditions, i. e. room temperature and liquid solution, 
the value of is in good agreement with the estimated triplet energy obtained by 
pulse-radiolysis energy-transfer experiments (2.15 eV) [137]. Thus the AE ST 
amounts to 0.6 eV. For a similar PPP-derivative, namely Ph-LPPP, electrophos¬ 
phorescence and phosphorescence, respectively, was found even at room tempera¬ 
ture, although the polymer was contaminated with Pd, thus enhancing the ISC 
through spin-orbit coupling [140, 141]. 

Meanwhile, there have been several reports on phosphorescence of conjugated 
polymers of the PPP-type, such as dodecyloxy-poly(p-phenylene) (DDO-PPP), 
poly-2,8-indenofluorene (PIF), poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (PF2/6) 
[20, 142, 143]. Figure 3.26 depicts dilute solution and thin film spectra of delayed 
emission of PF2/6 as a representative of materials that are used frequently for or¬ 
ganic light-emitting diodes. The polymer was held at 80 K and excited by a laser 
pulse of energy 3.05 eV (406 nm). The emission was recorded with a delay time of 
5 ms. For comparison the absorption of PF2/6 in dilute solution and film is 
shown as well. The absorption of PF2/6 in dilute solution (Fig. 3.26, upper 
half) is characterized by the inhomogeneously broadened S 0 0-0 transition 



Fig. 3.25 The absorption 
spectrum of a MeLPPP film at 
80 l< and delayed emission of 
a MeLPPP film at 80 K. The 
delay between excitation with 
2.76 eVand detection was 5 ps. 
Reprinted from [142], copy¬ 
right 2002, with permission 
from the American Institute of 
Physics. 


Energy [eV] 








3.4 Triplet States 


133 


Fig. 3.26 Absorption and delayed 
emission spectra of PF2/6 in MTHF at 
80 l< (upper half). The emission 
spectrum was taken 5 ms after optical 
excitation at 3.05 eV DF corresponds to 
delayed fluorescence and Ph to phos¬ 
phorescence. Absorption and delayed 
emission of a PF2/6 film at 80 K (lower 
half). The delay was 5 ms after excitation 
at 3.05 eV Reprinted from [142], copy¬ 
right 2002, with permission from the 
American Institute of Physics. 
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at 3.00 eV followed by a vibronic progression with a dominant splitting of about 
160 meV probably due to a C=C stretch mode of the phenyl ring. Compared with 
dilute solution the absorption of the PF2/6 film is shifted to the blue spectral re¬ 
gion with a maximum at 3.15 eV (Fig. 3.26, lower half). As a consequence of the 
decreased rigidity of the polymer backbone of PF2/6 with respect to MeLPPP, the 
absorption of the film is blue-shifted and inhomogeneous broadening of the tran¬ 
sition is increased. For this reason the vibronic structure vanishes except for a 
shoulder on the high energy side of the absorption. In the delayed emission spec¬ 
tra of PF2/6 in both, dilute solution and film, two different contributions can be 
distinguished. The spectral position of the high energy part of the spectra is co¬ 
incident with the prompt fluorescence at 2.93 eV and shows the same vibronic 
splitting of about 170 meV. This emission is due to delayed fluorescence from 
the S 1 state of PF2/6. At lower energy the delayed emission at 2.18 eV can be as¬ 
signed to the T x —>,S 0 0-0 transition bearing a vibronic splitting of 170 meV, iden¬ 
tical to the prompt fluorescence. The singlet-triplet energy gap in PF2/6 amounts 
to H£ ST ^0.75 eV. The position of the T x state of a similar polyfluorene has been 
investigated by means of pulse-radiolysis energy transfer, which locates the triplet 
state at 2.3 ±0.1 eV [8]. Keeping in mind that this corresponds to a room-tempera¬ 
ture value in benzene solution and considering that a bathochromic shift upon 
cooling to 80 K can be expected for the energetic position of T x comparable to 
that of the transition (70 meV) the agreement between energy-transfer 

data and the direct measurement of T x at 2.18 eV is very good [142, 143]. The life¬ 
time of the phosphorescence emission of PF2/6 in MTHF solution at low tem¬ 
perature is presented in Fig. 3.27. The decay is monoexponential with a lifetime 
of about 1 s, characteristic of the PPP-type polymers mentioned above [20, 144]. 

The systematic variation of flexibility of the polymer backbone in the investi¬ 
gated PPP-type polymers allows to correlate the excited-state energy with conjuga¬ 
tion length in this series. It is known from work on conjugated oligomers that the 
singlet energy varies with chain length as E(n, S x ) = E x + E/n, where n is the num- 
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Fig. 3.27 Time dependence of the 
phosphorescence intensity of PF2/6 
in MTHF at various temperatures. 
Optical excitation was at 3.05 eV 
Reprinted from [142], copyright 
2002, with permission from the 
American Institute of Physics. 
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ber of phenyl rings at least for a small number of n [145] (see Section 3.2.1). This 
allows to estimate the effective conjugation length of the corresponding polymer. 
It may be shown that the relation holds for triplet-state energies of the PPP-type 
materials as well, although with a slope much weaker than for singlets [20]. This 
difference has been interpreted in terms of the extension of the optical excitation. 
A weaker slope implies that the triplet exciton is much more localized compared 
with the singlet exciton. This conclusion has been drawn from semiempirical cal¬ 
culations [146] and verified experimentally for the triplet state of polyynes earlier 
[147]. 

Another observation that concerns the effect of conjugation length on excited 
states in PPP polymers is the singlet-triplet energy gap. The AE sr in the PPP- 
type conjugated polymers varies little from 0.6 eV for MeLPPP, the most planar 
and rigid polymer, to about 0.75 eV for DDO-PPP, the latter having no bridged 
repeat units to restrict chain flexibility. The increasing torsional freedom in the 
series from MeLPPP to DDO-PPP leads to an increase in the energy gap AE sr . 
Recent theoretical investigations supported the observed trend with quantum 
mechanical calculations of triplet and singlet state energies as a function of the 
torsion angle between repeat units [148]. According to the calculations, the 
more delocalized singlet exciton is destabilized if the torsion angle is higher 
with respect to the planar conformation. The localized triplet exciton is less 
affected by the conformational confinement, thus the AE sr increases. 

Despite the small dependence of the A E sr on the twisting angle between repeat 
units of the conjugated polymer there seems to be a more or less universal gap of 
~ 0.7 eV for a large variety of chemically very different polymers [148]. This dif¬ 
fers from low molecular weight organic molecules where AE sr can vary from 0.3 
to 1 eV depending on chemical structure [2]. There is comprehensive experimen¬ 
tal confirmation of the above result from investigations of the phosphorescence of 
Pt containing conjugated polymers [9, 147, 149, 150]. In these polymers the effi- 
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ciency of phosphorescence is enhanced through increased spin-orbit coupling of 
the heavy metal atom Pt. The singlet-triplet energy gap A E sr is independent of the 
nature of the chemical spacer linking the Pt atoms, which were varied over a wide 
range [9, 149]. The value of the gap does not even depend on the delocalization of 
electrons along the spacer unit either [9], although the position of the singlet en¬ 
ergy varies drastically depending on the structure of the spacer entity. For poly¬ 
mers of the polyethylene-type, that are analogous Pt-free materials, the AE sr 
remains unaltered at —0.7 eV [9]. In a soluble PPV derivative, PhPPV, the sing- 
let-triplet gap was found to be —0.8 eV [151]. In this material phosphorescence 
could not be observed by direct excitation of the polymer [113]. The reason for 
this is its low level of about 1.7 eV, estimated from pulse-radiolysis experiments 
[152]. Since the nonradiative deactivation increases exponentially with decreasing 
energy gap between T 1 and S 0 this explains why the direct observation is a chal¬ 
lenge. Nevertheless, the triplet energy of PhPPV was located by sensitized phos¬ 
phorescence at 1.63 eV [151]. The PhPPV film was blended with PtOEP, a plati¬ 
num containing porphyrin, with a triplet energy of 1.9 eV and a singlet energy 
lower than that of PhPPV. The ISC of the PtOEP is nearly 100% increasing 
the population of the T 1 of PhPPV more efficiently. Phosphorescence emission 
from PhPPV could be observed either by excitation of the polymer or of the do¬ 
pant, implying efficient transfer of triplets from the dopant to the PhPPV. 

From the phosphorescence studies on conjugated polymers of the PPP-type and 
PPV-type the common observation is the low-lying triplet energy with a compara¬ 
tively long lifetime of the triplet state. This implies that these polymers are not 
suited as host materials for phosphorescent OLEDs using triplet harvesting. For 
this application short lifetimes of the triplet state and high triplet energies are 
mandatory to prevent nonradiative quenching and enable emission in the blue 
spectral range. 


3.4.2 

Decay, Annihilation and Migration of Triplet Excitons 


To understand the kinetics of triplet excitons in conjugated polymers it is of ad¬ 
vantage to recall the scenario of processes involving triplets in molecular crystals 
such as anthracene. If triplets are generated via ISC from the optical excited sing¬ 
let state they can decay in a monomolecular or bimolecular fashion. The rate 
equation for the triplet concentration [7] can be expressed as [47]: 


5 . G t - /3 0 [T] - Ytta [T] 2 - [T]N 


(3.3.6) 


G t being the generation rate of triplets, /3 0 is the sum of the radiative k x and non¬ 
radiative k nx decay, hence the inverse phosphorescence lifetime (/ 3 0 = k nx + k x = 
l/ T phos)- 7tta is the bimolecular triplet-triplet-annihilation (TTA) constant. The 
last term in Eq. (16) includes all losses due to bimolecular interaction of triplets 
with impurities such as paramagnetic quenchers and charge carriers. y { is the rate 
constant for this process and n { the concentration of the impurity. For the present 
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discussion of triplet decay under photoexcitation the last term in Eq. (3.16) will be 
neglected. The annihilation of two triplet excitons leads to generation of a excited 
singlet state and thus to delayed fluorescence. The energetic position and shape of 
DF being identical to the prompt fluorescence, but emission occurs on a longer 
time scale. Thus the observation of DF yields information on the kinetics of tri¬ 
plets even if no phosphorescence is observed. 

For low excitation conditions, i. e. where the monomolecular decay prevails 
YttaIT] «MT], the time dependence of the phosphorescence intensity derived 
from Eq. (16) is: 


JphO) = M T(t)} = k r [T 0 \exp[- fi 0 t] (3.17) 

[T 0 ] refers to the initial triplet concentration. The corresponding intensity of the 
DF is: 


MO = ^/VroJM ] 2 (3.18) 

where/is the fraction of triplet encounters leading to the formation of singlet ex¬ 
citons. Combination of Eq. (3.18) with Eq. (3.17) yields: 

MO = /WTofexpl - 2M (3.19) 


From Eq. (3.19) it is apparent that the DF intensity varies quadratically with the 
triplet concentration and hence with excitation light intensity as long as the sing¬ 
let state is deactivated by monomolecular decay. The DF intensity decays exponen¬ 
tially with a lifetime half of the phosphorescence lifetime r phos . 

The situation is different under high excitation density, where TTA is the domi¬ 
nant process, i. e. Ytta[T\ Z>> Po[T]- Then the phosphorescence decay reads: 


Iph (t) = k r [T(t)] = 


MTp] 

(1 + 7tta[^o/) 


(3.20) 


Combining Eq. (3.20) and Eq. (3.18) gives for the decay of the DF intensity: 


IdfW = 




(1 + 7tta[/)/) 


(3.21) 


In summary, the phosphorescence decays either exponentially or according to a 
power law, depending on which deactivation process prevails. Accordingly, decays 
the DF, although with half the phosphorescence lifetime and an exponent of two 
in the power law, respectively. If the DF intensity varies as I DF ~J Ph , it is caused 
by TTA. 

Before discussing TTA in conjugated polymers the quenching of triplets by 
paramagnetic impurities such as charge carriers should be addressed, since it 
is of major importance for application of the phosphorescence in devices such 
as light-emitting diodes. If one identifies the quenching species in the last 
term of Eq. (3.16) with charge carriers n h , i. e. holes in an unipolar device, and 
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the rate constant y { with the bimolecular constant for interaction of triplets with 
holes y Th , Eq. (3.16) reads: 

^ = Gr - MT] - y rh [T\ln h ] (3.22) 

For simplicity the term for losses due to TTA has been neglected, implying low 
excitation intensity conditions. The rate constant for decay of triplets in the pres¬ 
ence of charges /? is then given by [2]: 


P = Po + yn>h]- (3.23) 

From Eq. (3.23) the density of charges necessary for triplet quenching can be es¬ 
timated. If one assumes a decreases of the hole-induced triplet decay by an order 
of magnitude the rate constant (3 should be 9 s _1 for PF2/6, where the mono- 
molecular triplet decay rate /3 0 is 0.91 s~\ Adopting the rate constant y Th from 
a polyfluorene derivative with 3 x 10“ 14 cm 3 /s [153], yields a minimum charge 
density n h of about 3 x 10 14 cm -3 . This is three orders of magnitude lower than 
the capacitor charge of a 100-nm thick device at 10 V applied voltage assuming 
a dielectric constant of 3.5. Thus quenching of triplets by charges is a major 
loss mechanism. The implication is that polymers with comparatively long triplet 
lifetimes are not suitable as host materials for triplet harvesting in OLEDs. One 
obvious way to circumvent the charge quenching of triplets is to use materials 
with short decay times. In heavy metal phosphorescent dyes such as Ir(ppy) 3 
[154] the phosphorescence lifetime is about 1.2 x 10“ 6 s. According to Eq. (3.23) 
the charge density required for efficient quenching is about 3 x 10 20 cm -3 , imply¬ 
ing negligible deactivation of triplets by the above mechanism. 

In Fig. 3.28 the prompt fluorescence, DF and phosphorescence intensity as a 
function of laser intensity for a frozen solution of PF2/6 in MTHF are shown. 
The fluorescence intensity varies approximately linearly with laser power. The 
DF intensity increases quadratically with exciting laser intensity up to 60 pj/ 
(cm x pulse), above this intensity it changes linearly with pump fluence. A linear 
dependence of phosphorescence intensity on pump light intensity up to 150 pj/ 
(cm 2 x pulse) can be seen from Fig. 3.28, whereas for higher excitation intensities 
the phosphorescence intensity shows a square-root increase. From the data in Fig. 
3.28 it can be concluded that the DF is caused by TTA. The deviation of the DF 
from the quadratic intensity dependence at higher pump intensities might be 
caused by the onset of singlet-singlet annihilation, thus reducing the number 
of triplets generated at high intensities [142]. In frozen solution a quadratic de¬ 
pendence of DF on excitation intensity has been observed for MeLPPP [144] 
and PhPPV [113] as well, and was shown to be the signature of occurrence of 
TTA. The situation in thin films of conjugated polymers is more complicated 
than in frozen solution, where the chains are supposed to be isolated. Whereas 
in molecular crystals the DF is entirely due to TTA, a study of DF in polyvinylcar- 
bazole showed that in this material the recombination of geminate electron-hole 
pairs is important as a source of DF as well (see Section 3.3.2) [155]. In films of 
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Fig. 3.28 Dependence of fluores¬ 
cence, delayed fluorescence and 
phosphorescence intensity of PF2/6 
in MTHF on pump intensity at 80 K. 
The time delay for measurements of 
DF and Ph was 1 \is. Excitation was at 
3.05 eV Reprinted from [142], copy¬ 
right 2002, with permission from the 
American Institute of Physics. 


MeLPPP the recombination of geminate pairs is the main source for DF [7, 94], 
although it is caused by TTA in solution. This was concluded from combined evi¬ 
dence of DF decay with time and the reduction of DF upon applying an electric 
field [94, 112]. The DF intensity in MeLPPP films decays with time as I(DF) —r 1 . 
The algebraic decay law of DF can be rationalized in terms of previous Monte 
Carlo simulations of GP recombination in random solids [114]. In that work 
the hopping-type random walk of an electron generated at a distance r 0 away 
from a stationary positive charge was considered. The simulation system was a 
regular cubic lattice where the energies were taken from a Gaussian distribution 
with a variance of 100 meV. Parameters were the initial GP distance, the electro¬ 
nic intersite coupling and the temperature. The simulated quantities were the sur¬ 
vival probability of the electron and the monomolecular recombination rate as a 
function of time normalized to the intersite jump time in a system without dis¬ 
order. It turned out that the survival probability is a smoothly decay function of 
time. At 120 K and an intrapair distance of three lattice constants (1.8 nm) 
some 10 per cent of the pairs survive for more than 12 orders of magnitude in 
time. The recombination rate obeys a oc t 13 law for short times and approaches 
a r 1 law in the long time limit, the functional decay being virtually independent 
on the choice of parameters. The qualitative explanation is that those pairs that 
are generated at favorable hopping sites recombine quickly but the rest relaxes 
towards metastable tail states of the density of states from which escape is kine- 
tically impeded. The experimental data on DF from a MeLPPP film are in full 
agreement with the simulation. The response of DF to an applied electric field 
is an order of magnitude effect, since geminate pairs are more liable to dissociate 
than singlet or even triplet excitons. On the basis of DF experiments of a PhPPV 
film in an electric field geminate-pair recombination was recognized as the main 
source of DF [113]. Compelling evidence for this conclusion was established using 
thermally stimulated luminescence experiments [110, 156]. 
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However, the DF in PF2/6 is caused by TTA rather than geminate-pair recom¬ 
bination. This can be shown from the dependence of DF intensity on excitation 
intensity in Fig. 3.29. At low to moderate pump fluences the fluorescence as 
well as the phosphorescence intensity increase linearly with light flux until satura¬ 
tion occurs. The DF varies quadratically with laser power until saturation is ob¬ 
served as was the case in the PF2/6 solution (Fig. 3.28). The reason for the satura¬ 
tion of prompt fluorescence with excitation intensity is the dominance of singlet- 
singlet annihilation at higher pump fluence for the deactivation of the singlet 
state leading to a sublinear intensity dependence of phosphorescence accordingly. 
Further proof for TTA as the source of DF in films of PF2/6 comes from the time 
dependence of DF intensity (Fig. 3.30). The decay of DF proportional to f is in 
accordance with Eq. (3.22) but limited to room temperature. One has to remem¬ 
ber that Eq. (3.22) is only valid for the case of molecular crystals. In amorphous 
systems the situation is more complicated due to the influence of energetic and 
positional disorder on migration of excitations. In amorphous systems disorder is 
evidenced by inhomogeneous line broadening in absorption, fluorescence and 
phosphorescence spectra. Its effect on excitation transport has been extensively 
studied theoretically by Monte-Carlo simulation (MC) techniques [157] and analy¬ 
tic theory using the effective medium approximation (EMA) [69]. Although the 
majority of studies has been devoted to the transport of charges, migration of tri¬ 
plet excitons is virtually identical since intersite coupling is mediated by exchange 
interaction as well. Unfortunately, only the triplet exciton transport is amenable to 
spectroscopic probing. The elementary step of incoherent transport occurs via 
hopping from site e { to site gj described by the Miller-Abrahams equation [158]: 


Fig. 3.29 Dependence of fluores¬ 
cence, delayed fluorescence and 
phosphorescence intensity of a 
PF2/6 film on pump intensity at 80 K. 
The time delay for measurements 
of DF and Ph was 1 \is. The photon 
energy for optical excitation was 
3.49 eV Reprinted from [142], copy¬ 
right 2002, with permission from the 
American Institute of Physics. 
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Time [s] 


Fig. 3.30 Delayed fluorescence 
intensity vs. time of a PF2/6 film at 
83 l< and 298 K. Excitation was at 
3.49 eV Reprinted from [142], copy¬ 
right 2002, with permission from the 
American Institute of Physics. 



v 0 exp(- 2ai^ij)exp - 
v 0 exp(- 2aRij), £ ] 


gj ~ £ i 
kT 

< £i 


£) > Si 


(3.24) 


where is the hopping frequency, v 0 the attempt-to-escape frequency, being on 
the order of a typical phonon frequency ~10“ 12 s -1 . R is the distance between 
sites and a is the inverse wave function localization radius. 

In amorphous organic materials the site energies are modulated by fluctuations 
of van der Waals interactions of the excitations with its surrounding molecules. 
The density of states (DOS) consists of localized states and is best described by 
a Gaussian distribution with width o and energy e relative to the center of the 
DOS as: 

p(e) = (2 no ) _1/2 exp - (3.25) 

Typical values for the energetic disorder characterized by the parameter o are on 
the order of 50 to 100 meV in conjugated polymers. If an excitation is initially cre¬ 
ated at random within the DOS it will relax down in energy until dynamic equili¬ 
brium is reached, provided that the lifetime of the excitation is long enough. An 
inevitable consequence of this type of electronic relaxation is spectral diffusion 
and, most importantly, dispersion of excitation transport. According to MC simu¬ 
lation and EM A theory the excitation relaxation features a logarithmic decay law 
e ~ In X with a characteristic energy-dependent waiting time before relaxation sets 
in [73, 159, 160, 161, 162]. The logarithmic decay law is a consequence of the 
shape of the density of states because the number of sites in a Gaussian-shaped 
DOS decreases rapidly in the tail states. Thus the number of sites available for 
energy relaxation without thermal activation decreases as well. Therefore the en¬ 
ergy at which dynamic equilibrium is attained is dictated by the interplay of dis¬ 
order and available thermal activation. For a Gaussian DOS the excitations tend to 
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settle at an energy £ x = -c^/fcT below the center of the DOS [157]. For strong dis¬ 
order or very low temperature dynamic equilibrium will not be attained since £«, is 
too far from the center of the DOS. Thus triplet excitons become immobilized in 
the very tail states of the DOS. As long as the excitation is close to the center of 
the DOS the relaxation proceeds fast before it is slowed down in the tail states of 
the DOS. This phenomenon causes dispersion of jump rates. Therefore the exci- 
ton diffusion “constant” D is no longer a constant but becomes time dependent as 
does the bimolecular reaction constant y TTA of triplets, because both quantities are 
related via: 


Ytx a = SjzDfR 


(3.26) 


R being the interaction distance and / the fraction of encounters that lead to gen¬ 
eration of singlets. Thus time-dependent diffusion renders y TTA also time depen¬ 
dent. The time dependence of diffusivity and y TTA are related to the hopping 
frequency via [159]: 

(3.27) 


In the long time limit Eq. (3.27) can be approximated by Ytta ^'° 4 [114]. This has 
been verified experimentally in a polyfluorene derivative [163]. In this study the 
DF as well as the triplet concentration was monitored as a function of time 
and temperature to investigate the influence of dispersion on triplet-triplet anni¬ 
hilation. Since the attainment of dynamic equilibrium of triplet relaxation is tem¬ 
perature and time dependent it can by monitored via time resolved detection of 
DF. According to theory [164] and MC simulation [165] the time t s where the dis¬ 
persive to nondispersive transition of relaxation occurs, is given by: 


t s = t 0 exp - 



(3.28) 


where c is an empirical constant depending on the dimensionality of the system. 
According to recent Monte Carlo simulations on transport on a one-dimensional 
chain [166] the coefficient c is close to 0.9. The inverse quadratic temperature de¬ 
pendence is a consequence of the Gaussian-shaped DOS, because the relaxation 
energy is itself temperature dependent (see above) and the elementary hopping 
step is thermal activated as well. t 0 is the dwell time of the triplet exciton in a sys¬ 
tem without disorder. It is related to the attempt-to-escape frequency and wave 
function localization radius [161]. Following the above framework the power 
law decay of DF, DF ~t _1 , in the PF2/6 film (Fig. 3.30) reflects the influence of 
dispersion on y TTA [142]. The turnover of DF decay to DF ~r 2 is the signature 
of dynamic equilibrium in the transport of triplets. 

Quantitative agreement between theoretical predictions of triplet migration in 
disordered solids and experiment was shown for an end-capped PF2/6 derivative 
[163]. The time-resolved DF of end-capped PF2/6 was investigated in the form of 
dense solid films, in dilute frozen solution and in an inert matrix polymer (zeo- 
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Fig. 3.31 Turning point t s as 
defined in Eq. (3.28) as a 
function of inverse squared 
temperature. Turning points 
were derived from DF decay 
vs. time of a polyfluorene 
PF2/6 derivative at different 
temperatures. The dashed line 
corresponds to data obtained 
with PF2/6 in frozen solution 
[142]. Reprinted with permis¬ 
sion from [163]. Copyright 
2003 by the American Physical 
Society. 


nex). In all cases the DF decays according to a power law DF ~r n with an expo¬ 
nent of n ~ 1 in the dispersive regime and n ~ 2 in the nondispersive regime. The 
turnover at t s occurs faster as the temperature increases but is independent of the 
preparation method mentioned above. A plot of log t s , associated with the estab¬ 
lishment of quasiequilibrium, is shown in Fig. 3.31 as function of reciprocal 
quadratic temperature. Fitting the data according to Eq. (3.28) yields a minimal 
dwell time of 70 ns. This value is in good agreement with the hopping time of 
triplets in benzophenone [161]. The slope yields a width of the DOS a of 
41 meV assuming c = 0.9, i. e. a one-dimensional relaxation process indicating 
that triplet diffusion is confined to a single chain. The width of the DOS can 
be obtained independently from the analysis of the band shape of the T^Sq tran¬ 
sition in the low-temperature phosphorescence spectrum. The full width at half 
maximum (FWHM) of the 0-0 band of the 15 K phosphorescence spectrum 
is 61 meV, i. e. a variance of 26 meV [163]. Under the experimental conditions 
o/kT > 20 corresponding to strong disorder this value is not identical to the 
DOS distribution since the variance of the occupational DOS narrows in course 
of spectral diffusion. MC simulations indicated [167] that in the strong disorder 
case the variance of the occupied DOS distribution has narrowed to 70% of its 
initial value. This yields o —30 meV for the width of the DOS in good agreement 
with the value derived from Eq. (3.28). As mentioned above the energy relaxation 
follows a logarithmic decay law. In the long time limit at zero temperature T —>0 it 
adopts the form of [114, 159, 161]: 

£oo~o r \/3(ln(lnvot)) (3.29) 

Under such conditions energy relaxation is slowed down because no thermal en¬ 
ergy is available for excitons that are trapped and equilibrium cannot be attained 
(“frustrated energy relaxation”). Therefore the energy shift of phosphorescence 
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Fig. 3.32 Maximum of the 
7",—>S 0 0-0 transition of a 
polyfluorene PF2/6 deriva¬ 
tive vs. time according to 
Eq. (3.29). Data points 
were derived from Gaus¬ 
sian fits to the 15 l< phos¬ 
phorescence spectrum. 
Reprinted with permission 
from [163], Copyright 2003 
by the American Physical 
Society. 



[31 n (I n (o f t))] 


spectra reflecting spectral diffusion should only be small at long times, since 
most relaxation proceeds at early times. The migration of triplets in benzophe- 
none is in excellent agreement with these theoretical predictions [161]. To further 
show that energy relaxation in conjugated polymers in the strong-disorder case 
follows the same pattern one can plot the maximum energy of the T x — >S 0 0-0 
transition as function of time in the form of Eq. (3.29), using v 0 as an adjustable 
parameter. This is illustrated in Fig. 3.32 for the PF2/6 derivative. The agreement 
between theory and experiment is very good. The center of the DOS for triplet 
excitations obtained from the fit is 2.26 eV, which is a reasonable value. 

In the above study it could be shown that the relaxation of triplets in conjugated 
polymers is in quantitative agreement with predictions based on the concept of 
random walk in a disordered solid. Meanwhile, this theoretical framework for 
the description of migration of triplets in disordered solids has been applied to 
PFO (polyfluorene with octyl side chains) [168] as well. PFO contains liquid 
crystalline domains in the polymer that leads to the formation of highly ordered 
domains (/3 phase). This /? phase plays an essential role in the photophysics of this 
polymer, notably on triplet migration. 


3.5 

Resume 

A central aspect of research into photophysics of luminescent conjugated poly¬ 
mers deals with the dynamics of singlet and triplet excitations. This is the topic 
of this chapter. The singlet excitation is the elementary excitation generated 
when a conjugated polymer absorbs a photon. This process is associated with 
an oscillator strength of roughly unity, which is characteristic of a dipole-allowed 
transition in a jr-bonded large organic molecule. The onset of absorption, some¬ 
times called the optical gap, is a purely electronic S 0 0-0 transition in the ter¬ 
minology of molecular spectroscopy. At higher photon energies the electronic 
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transition couples with molecular vibrations forming a Franck-Condon state. The 
excess vibrational energy is funnelled into the vibrational heat bath of the chro- 
mophores and is dissipated on a time scale of less than 100 fs. Subsequently, a 
vibrationally cold singlet state can decay by (i) spontaneously emitting a fluores¬ 
cence quantum, (ii) stimulated emission above a critical intensity, (iii) intersystem 
crossing to the triplet manifold, (iv) energy transfer to like or unlike chromo- 
phores, (v) undergo a photophysical reaction such as formation of an excimer, 
(vi) dissociation into a electron-hole pair, and (vii) radiationless decay to the 
ground state. A complementary way to generate both singlet and triplet excita¬ 
tions is by recombination of an electron and a hole, for instance, injected from 
electrodes. 

A process that is specific for amorphous conjugated polymers and, more gen¬ 
erally, for molecular glasses or molecularly doped polymers, is incoherent energy 
transfer among the manifold of donor chromophores, inevitably associated by 
spectral relaxation (spectral diffusion) of an excitation of either singlet or triplet 
character. The latter originates from inhomogeneous broadening of the transition 
energy of chromophores caused by random interchromophore packing and/or by 
local differences between the transition energies of more ordered subunits of a 
polymer chain comprising different repeat units. It causes both spectral broaden¬ 
ing and the appearance of a Stokes shift between the electronic origin of absorp¬ 
tion and emission unless fluorescence spectroscopy is performed under site-selec¬ 
tive conditions. By the same token the efficiency of energy transfer decreases in 
time. The effect of spectral fluorescence broadening can profitably be used for ex¬ 
tending the spectral emission range of organic LEDs into the entire visible spec¬ 
trum. This requires chromophore blending or the use of copolymers. 

A measure of the degree of disorder stored in a conjugated polymer below the 
glass transition temperature is the spectral width of the S 0 0-0 transition in 
absorption. It contains intra as well as interchain contributions. Since both singlet 
and triplet excitations are coulombicaly bound electron-hole pairs with rms intra¬ 
pair distance, r eh , typically 1 nm only, they are delocalized within ordered chain 
segments that are appreciably longer than r eh , i. e. typically 5 to 6 nm. This 
leads to some motional narrowing of the intrachain contribution of the disorder 
potential an excitation experiences. The dominant disorder contribution is, there¬ 
fore the variation of the length of the ordered chain segments that translates into 
inhomogeneous broadening of the S x <—S 0 0-0 transition. Stiffening of the poly¬ 
mer backbone via covalent bridging, as in the ladder-type poly-phenylenes, as 
well as side-group-induced ordering within a given chain reduces this type of dis¬ 
order as evidenced by the appearance of vibrational splitting within the S^Sq 
absorption spectrum. 

An often harmful effect in conjugated polymers is aggregation via locally en¬ 
hanced interchain interaction. It depresses the excited-state energy in the 
dimer/aggregate. If the oscillator strength of the lowest transition is lower than 
average this causes a prolongation of the fluorescence lifetime and, since nonra- 
diative channels are not affected, a decrease of the fluorescence efficiency that is 
detrimental for OLEDs. 
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Optical generation of triplet excitations is via inter system crossing from the S 1 
state. The intrinsic triplet lifetime measured in matrix-isolated polymers is no dif¬ 
ferent from that of a Ji-bonded oligomer. It reaches 1 s for a phosphorescent 
Ti^S 0 0-0 transition of quantum energy > 2.0 eV and decreases exponentially 
with decreasing Tj-Sq splitting because of nonradiative decay becomes important 
as the number of molecular vibrations required to release the electronic energy 
decreases. At least near room temperature there is virtually no phosphorescence 
emission from conjugated polymer films. The reason is that, owing to their long 
intrinsic lifetime and their mobility, they are easily quenched by (i) bimolecular 
triplet fusion, (ii) residual oxygen or spurious oxidation products and, (iii) charge 
carriers present, i. e. in a LED. Triplet excitations migrate via exchange interaction 
as charge carriers do. For this reason the phenomenology of the hopping motion 
of both is analogous. The only way to harvest triplets produced via electron-hole 
recombination is to use triplet emitters with short radiative lifetimes that any 
nonradiative pathways are overcompensated. 

To dissociate a vibrationally relaxed S x excitation into a coulombically unbound 
electron and hole requires an extra energy of > 0.5 eV. It can only occur in the 
presence of a strong electron accepting (or donating) dopant, a strong electric 
field (> 1 MV/cm), or a metallic interface. Hot Franck-Condon states, generated 
by (i) one quantum absorption at a photon energy at least 1 eV above the S x <—S 0 
0-0 transition, (ii) two-photon absorption, or (iii) bimolecular exciton annihila¬ 
tion, can autoionize, quite similarly to how they do in conventional molecular 
crystals. However, photoionization will initially always create an intermediate cou¬ 
lombically bound electron-hole pair that can either recombine geminately or fully 
separate albeit with finite yield. To avoid geminate recombination is a challenge in 
the fabrication of efficient photovoltaic cells in which the primary dissociation 
process occurs at a donor-acceptor couple/interface. 
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4 

Polymer-Based Light-Emitting Diodes (PLEDs) and Displays 
Fabricated from Arrays of PLEDs 

Xiong Gong, Daniel Moses and Alan J. Heeger' k 


4.1 

Introduction 

Semiconducting (conjugated) polymers are important as the active materials in a 
new generation of electronic and optical devices, including polymeric light-emit¬ 
ting diodes (PLEDs), photodetectors, photovoltaic cells, sensors, field effect tran¬ 
sistors, and optical amplifiers/lasers [1-6]. Research carried out over the last de¬ 
cade has demonstrated the commercial opportunities associated with implemen¬ 
tation of PLEDs in passive and active matrix displays. As a result, the develop¬ 
ment of PLEDs that show efficient, stable blue, green, and red emission is an 
active ongoing research effort in laboratories in Europe, Asia and the United 
States [7-11]. 

PLEDs that emit white light are of interest and potential importance for use as 
backlights in high-efficiency active matrix displays (with color filters) and because 
they might eventually be used for solid-state lighting. The development of large- 
area PLEDs that emit stable white light and that can be fabricated using low-cost 
solution processing will be of major importance to future solid-state lighting. 

The purpose of this chapter is to summarize concepts and progress in the field 
of PLEDs. This review is organized as follows: Section 4.2 describes light-emitting 
diodes, LEDs, fabricated from semiconducting polymers (PLEDs). Following the 
discussion of the methods for accurate measurement of performance parameters 
of PLEDs (and OLEDs based on small molecules) in Section 4.3, we discuss the 
Fowler-Nordheim mechanism for carrier injection and the basic PLED operating 
mechanism in Section 4.4. Various approaches toward improvement of carrier in¬ 
jection and carrier balance are described in Section 4.5. Section 4.6 summarizes 
the progress on pixilated displays, both passively addressed displays and active 
matrix displays. After discussion of the limits on the electroluminescence effi¬ 
ciency in Section 4.7, recent progress on white-light emission from PLEDs in 
our labs at UCSB is summarized in Section 4.8. We conclude with a short sum¬ 
mary of the remaining challenges. 
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4 Polymer-Based Light-Emitting Diodes (PLEDs) and Displays Fabricated from Arrays of PLEDs 


4.2 

LEDs Fabricated from Semiconducting Polymers 

Conventional light-emitting diodes (LEDs) are made of direct band gap inorganic 
crystals (e. g., GaAs or GaN). Although LEDs made from inorganic crystals work 
remarkably well for many applications, they are not well suited for applications 
that require large areas, arrays of different colored LEDs, or mechanical flexibility; 
crystals are brittle and must be grown by expensive epitaxial methods such as mo¬ 
lecular beam epitaxy or chemical vapor deposition. LEDs fabricated from semi¬ 
conducting polymers are therefore attractive because they can be easily patterned 
in large areas onto almost any type of substrate, they can emit a range of colors 
that span the entire visible spectrum, and they are flexible [12, 13]. 

Fig. 4.1 shows a schematic of the structure of a polymer LED. A photo of a thin- 
film flexible seven-segment display fabricated from a semiconducting polymer is 
shown in Fig. 4.2. The bottom electrode (the anode) of this flexible display was 
made by spin-casting a layer of metallic polyaniline onto a flexible plastic sub¬ 
strate [12]. 

For the demonstration device in Fig. 4.2, polyaniline was chosen as the anode 
material because it is flexible, conducts current, and is transparent to visible light 
(there is no indium-tin-oxide (ITO) layer in the device of Fig. 4.2). More generally, 


Cathode fmetaJ) 



Fig. 4.1 Device structure of an LED fabricated from semiconducting and metallic polymers. 



Fig. 4.2 Photo of a thin-film flexible 
seven-segment display fabricated from 
semiconducting and metallic polymers. 
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however, a bilayer electrode comprising a thin layer of metallic polymer cast onto 
ITO is used for the anode; the ITO carries the current and the metallic polymer 
layer serves to planarize the ITO and to improve the injection of holes into the 
luminescent semiconducting polymer. The emissive layer of the display shown 
in Fig. 4.2 was formed by spin casting a layer of MEH-PPV (poly(2-methoxy-5- 
(2-ethylhexyloxy)-1.4-phenylenevinylene) over the polyaniline. The top electrodes 
that define the seven-segment display were formed by evaporating calcium 
through a patterned shadow mask. Because of the low conductivity of undoped 
emissive polymers, it was not necessary to pattern the polymer or the bottom elec¬ 
trode to prevent current spreading between neighboring pixels. 

Semiconducting polymers have been synthesized with different molecular 
structures and with an associated wide range of energy gaps. Consequently lumi¬ 
nescent semiconducting polymers can be obtained with emission colors that span 
the full range of the visible spectrum. Side-chain functionalization of the same 
main chain (e. g. with allcoxy or alkyl groups) can be used to shift the color of 
the emitted light over a substantial portion of the visible spectrum. The use of 
synthesis to create homopolymers with different molecular structures and to cre¬ 
ate copolymers is the “band gap engineering” methodology for semiconducting 
polymers. Fig. 4.3 shows a few examples that demonstrate the range of different 
band gaps and emission colors that can be obtained through band gap engineer¬ 
ing. The use of copolymers is particularly interesting. By using block-copolymers, 
well-defined quantum-well structures can be created. 

Concentration quenching is not a major problem in semiconducting polymers. 
Typically, the quantum efficiency for photoluminescence from thin films is com¬ 
parable to that from dilute solutions. The absence of strong concentration 
quenching is the result of the spatial delocalization of the excited states. Because 
the weakly bound excitons are spread over many repeat units, the Davidov split¬ 
ting that results from interchain interactions is small. As a result, the disorder 
that is present in films cast from solution is sufficiently large to mix the “dark” 
and emissive Davidov-split states. Thus, quantum efficiencies in excess of 
60-70% can be obtained from thin solid films of luminescent semiconducting 
polymers. 



Abs./PL Intensity (Arb. Units) AbsYPL Intensity (Arb, Units) 
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Fig. 4.3 Absorption and emission spectra of a number of semiconducting polymers with 
different molecular structures. The emission colors span the visible spectrum. 
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4.3 

Accurate Measurement of OLED/PLED Device Parameters 


A prime concern of the OLED/PLED community is the level of uncertainty and 
inconsistency of results found in published scientific literature. Here, we sum¬ 
marize an accurate method for measurement of OLED/PLED optical properties. 

In addition to transmittance, absorbance, and color temperature, light is de¬ 
scribed by the following [14]: 

Flux the total luminous power (measured in lumens) 

Intensity the angular concentration of flux (candelas) 

Illuminance the surface density of incident flux (lux or lumen/m ) 
Luminance the intensity emitted per unit area (candelas/m ) 

Table 4.1 summarizes the various quantities, their units and the related mea¬ 
surement techniques. 

Because the major application of OLEDs/PLEDs is for displays, the response of 
the human eye, described by the photopic luminosity function [15], must be taken 
into account. The photopic luminosity function is shown in Fig. 4.4. By using the 
photopic luminosity function, the radiance (watts/(sr m 2 )) is converted into 
the luminance (candela/m , cd/m or lumen/(sr m )). Therefore, photometry is 
used to measure the forward viewing luminance at the surface of an OLED/PLED. 

The luminous intensity (luminance) can be determined by measuring the flux 
in any given solid angle, Q (the ratio of the size of aperture divided by the square 
of the distance between the light and the aperture). Consider a flat emitting sur¬ 
face, each point of which emits light equally in all directions; i. e. a Lambertian 
source. A PLED/OLED is a Lambertian source if the luminous intensity follows 


Table 4.1 The quantity and unit of measurement. 


Technique of 

Type of 

Quantity 

Unit of 

measurement 

measurement 


measurement 

Photometry 

Total flux 

Total luminos flux 

lumens 

Radiometry 

Total flux 

Total radiant flux 

Watts 

Spectroradiometriy 

Total flux 

Total spectral flux 

Watts /nm 

Photometry 

Angular intensity 

Luminous intensity 

candelas = lumen / sr 

Radiometry 

Angular intensity 

Radiant intensity 

Watts/sr 

Spectroradiometriy 

Angular intensity 

Spectroradiometric intensity 
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Fig. 4.4 The photopic luminosity 
function. 


the cosine law when measured with a small-area detector placed far away from 
the surface (very small Q, see below) [16]. We will assume that for PLEDs/ 
OLEDs, deviations from Lambertian emission are relatively small. 

To measure the luminous intensity one must first choose a reference direction 
for the measurements, and one must then determine the solid angle to be used in 
the measurement. For display applications, the reference direction should be cho¬ 
sen as the forward viewing direction (along the direction perpendicular to the sur¬ 
face of the OLED/PLED). The luminous intensity is defined as the emission in 
cd/m 2 from the emitting surface. 

An accurate and convenient configuration for measuring luminous efficiency 
from OLEDs/PLEDs is shown in Fig. 4.5. Because the luminous efficiency 
strongly depends on the OLED/PLED emission spectrum (even for constant 
quantum efficiency), an eye-sensitivity filter is mounted directly onto the surface 
of the calibrated photodiode (see Fig. 4.4) [15]. 

Assuming a Lambertian intensity profile and a disc-shaped source with radius 
r, the light intensity on a point detector placed a distance d away (see Fig. 4.5) can 
be expressed as follows [17, 18]: 

I = I 0 (r 2 /r 2 + d 1 ) (4.1) 


Surface of 
OLEDs/PLEDs 


/ 


Eye Sensitivity Filter 

Calibrated 
Si Fhotodioftefc 

/ 


Distance (mm) g : Detector Area fmm 2 } 

Condition: Q (■ S/d 2 ) ■ 0.01 er or Q (= S/d 2 ) = 0.001 er 


Fig. 4.5 Configuration 
for measuring OLED/PLED 
luminous intensity. 
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Fig. 4.6 (a) The luminous inten¬ 

sity (A, cd) vs. current density 
( J , mA/cm 2 ) measured at the dif¬ 
ferent distances (d, mm) between 
the surface of the PLEDs and the 
calibrated photodiodes. 

(A): d = 3 mm; (B) d = 10 mm; 

(C) d = 20 mm; (D) d = 40 mm; 

(E) d = 50 mm; (F) d = 60 mm; 

(G) d =70 mm; (H) d = 80 mm; and 
(l<) d = 150 mm. The PLEDs are 
made from MEH-PPV The surface 
area of calibrated photodiodes is 
4X4 mm 2 , (b) Inverse square law 
approximation error. 
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For a detector with a finite area, this expression can be used provided the detector 
subtends a sufficiently small solid angle (see Fig. 4.5). The condition recom¬ 
mended by CIE [19] is that Q < 0.01 sr. Under these conditions, the luminous 
intensity (A, in candelas) can be obtained by comparing the signal from the 
PLED to that obtained from a calibrated lamp. The brightness is then given by 
L = A/n r 2 . 

The data from a set of such measurements are shown in Fig. 4.6 (for these data, 
r =2 mm). As expected, the signal falls off as d~ 2 . Note that even for d/r = 1, there 
is no serious error from the finite area of the detector. 

Once the luminance, L (cd/m ), is accurately measured the luminous efficiency, 
LE (cd/A), luminous power efficiency, PE (lm/W) and external quantum effi¬ 
ciency, rj ext (the ratio of the number of photons emitted by the OLED/PLED 
into the viewing direction of the number of electrons injected) can be determined 
using the following expressions [20]; 
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5.0X10 3 „ 

Tlat ^ ~ I) LE 


(4.2) 


where j is the current density, V is the applied voltage, hv is the photon energy 
(in eV) of the emission, and O(X) is the photopic luminosity function (Fig. 4.4). 

Another option is to place the OLED/PLED into an integrating sphere contain¬ 
ing a calibrated detector, and then to measure the total output from the device 
[16]. In an integrating sphere, all the emitted photons are collected, including 
those that are guided to the edge of the substrate. Note, however, that photons 
emitted from the edge of the substrate are not useful in display applications. 
Thus, the integrating sphere approach must be used with caution. If the edges 
of the OLED/PLED are sealed to absorb the waveguided and scattered light, the 
external quantum efficiency can be accurately obtained. Once the external quan¬ 
tum efficiency is measured, L, LE and PE can be calculated using above equa¬ 
tions. The values obtained by using the integrating sphere are consistent with 
corresponding values obtained from the configuration shown in Fig. 4.5 [20]. 

The condition for measurement of PLEDs carried out in our labs at UC Santa 
Barbara are the following: the surface area (S) of the calibrated photodiode with 
eye-sensitivity filter is 4 X 4 mm; the distance (d) between the photodiode and 
PLEDs is 4 cm; i. e. Q = 0.01 sr (Q = S/d 2 ). 

Note that, as indicated by Optronic Laboratories, the response of a diffuser/fiber 
combination is far from uniform or ideal [21]. Not only does the fiber/diffuser 
combination fail to provide the correct measurement area, but also the nonuni¬ 
form spatial response makes the result highly sensitive to alignment. Therefore, 
the fiber/diffuser combination should be avoided if the OLED/PLED intensity is 
to be correctly measured. 


4.4 

Fowler-Nordheim Tunneling in Semiconducting Polymer MIM Diodes 

The operating mechanism of PLEDs is quite different from conventional p-n 
junction LEDs. In a PLED, a pure undoped film of luminescent semiconducting 
polymer is sandwiched between a high work function metal anode and a low work 
function metal cathode. The charge carrier concentration in such pure semicon¬ 
ducting films is sufficiently low (^10 14 -10 15 cm -3 ) that any residual carriers intro¬ 
duced by impurities etc. are swept out by the built-in field that arises from the 
difference in work functions of the two electrodes. The depletion depth of pristine 
poly(phenylene vinylene) (PPV) is approximately 250 pm, which is much larger 
than the thickness of the polymer layer in an LED (typically <100 nm). Conse¬ 
quently, the electronic structure of the LED can be approximated by the rigid band 
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Fig. 4.7 

The electronic 
structure of the LED. 




- no charge injection 


- minimum bias for 
charge injection 


- carriers injected 

- space-charge 
limited conduction 


model displayed in Fig. 4.7 [22]. The built-in field causes the uniform slope in the 
energies of the states in the bulk of the semiconducting polymer; there is negli¬ 
gible band bending. 

The height of the barrier for hole injection is determined by the difference be¬ 
tween the work function of the anode and the energy level of the ji (valence) band; 
the height of the barrier for electron injection is determined by the energy differ¬ 
ence between the work function of the cathode and the energy level of the jt* 
(conduction) band. The barrier height can be determined in this simple way be¬ 
cause conjugated polymers do not have surface states that would pin the Fermi 
level. 

a. Zero bias with a common Fermi Level across the device (note that within the 
semiconducting polymer layer, the Fermi level moves across the energy gap on 
going from the anode to the cathode). 

b. A flat-band condition occurs when the applied voltage equals the difference in 
the work functions of the anode and the cathode. This is the minimum voltage 
required for injection of electrons and holes. Ideally, the electroluminescent 
emission should turn on at this voltage. 

c. Forward bias; carriers are injected through the triangular barriers at the anode 
(holes) and cathode (electrons) and meet within the polymer film where they 
radiatively recombine (electroluminescence). 

When a positive bias is applied to the LED, the Fermi level of the cathode is raised 
relative to that of the anode, as shown in Fig. 4.7(c). Thus the thickness of the 
barrier is a function of the applied voltage; the barrier thickness decreases as 
the voltage is increased. Carriers tunnel through the barrier primarily by 
Fowler-Nordheim field emission tunneling from the anode and cathode into 
the Jt-band (holes from the anode) and the JiT-band (electrons from the cathode) 
of the semiconducting polymer. Thermionic emission over the barriers can also 
play a role if the barriers are small and the temperature is relatively high [22]. 
Since the rate of injection by Fowler-Nordheim tunneling is determined by the 
strength of the electric field, it is important for the polymer layer to be thin so 
that high electric fields can be obtained at low voltages. 
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To optimize the performance of PLEDs, it is important to minimize the barriers 
for charge injection by choosing electrodes with work functions that are well 
matched to the bands of the polymer. ITO, polyaniline, polypyrrole, and poly 
(3,4-ethyendioxthiophene) (PEDOT) are the most commonly used anode materi¬ 
als [23-25]. They also have the important property that they are transparent and 
therefore allow the emitted light to escape from the device. Calcium, barium, and 
magnesium are commonly chosen as the cathode because of their low work func¬ 
tions. Unfortunately, low work function metals are highly reactive. PLEDs must, 
therefore be hermetically sealed for long life. Improved electron injection from 
stable metals such as aluminum can be achieved by coating the electrode with 
a polar self-assembled monolayer. The dipole layer effectively shifts the electrode 
work function [26, 27]. 

If the electrodes are well matched to the bands of the polymer, then the barrier 
for charge injection is small and the current that passes through the LED is not 
limited by injection. Instead, the hole current is space-charge limited and the elec¬ 
tron current is trap limited [28]. Space-charge limiting arises because the space 
charge that builds up near the anode due to the population of holes screens 
the field between the two electrodes and thereby limits the current. The traps 
that limit electron transport originate from defects that have energy levels just 
below the conduction band (due to disorder in the polymer). 

Once electrons and holes have been injected into the polymer, they must en¬ 
counter each other and recombine radiatively to give off light. In this context, 
the low mobility of the charge carriers (polarons) in semiconducting polymers 
is helpful since the slow drift of the charge carriers across the thickness of the 
semiconducting polymer will allow enough time for the carriers to meet and 
recombine radiatively. 

There are several factors that determine the efficiency of an LED. Maximum 
efficiency can only be achieved through balanced electron and hole currents. If 
one carrier type is injected much more efficiently and drifts in the applied electric 
field with higher mobility than the other, then many of the majority carriers will 
traverse the entire polymer layer without recombining with a minority carrier. As 
shown in Fig. 4.7, this problem can be minimized by carefully choosing appropri¬ 
ate electrodes so that the Fermi level of the anode is close in energy to the top of 
the Ji-band and the Fermi level of the cathode is close in energy to the bottom of 
the Jt Vc -band. With such well-matched electrodes, both carriers are injected effi¬ 
ciently. 

As demonstrated in Fig. 4.8, diodes fabricated as described above show excel¬ 
lent rectification ratios and strong electroluminescent light emission in forward 
bias. Light emission turns on close to the flat-band condition; i. e. when the ap¬ 
plied voltage is greater than the difference between the work functions of the 
two electrodes (see Fig. 4.7). The current at voltages below 2 V in Fig. 4.7(b) is 
residual leakage current resulting from microshorts and imperfections. 

Parker observed that the turn-on voltages for devices with different thicknesses 
of the semiconducting polymer layer are roughly the same and equal to the vol¬ 
tage required to reach the flat-band condition [22]. As shown in Fig. 4.9, however, 
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Fig. 4.8 Current 
density (red) and 
luminance (blue) vs 
voltage for devices 
fabricated with MEH- 
PPV using polyaniline 
as the anode and 
calcium as the 
cathode. 
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Fig. 4.9 Luminance vs voltage 
for ITO/MEH-PPV/Ca LEDs with 
semiconducting polymer layers of 
different thicknesses. Note that 
turn-on voltage is independent 
of thickness and equal to that 
needed to reach the flat-band 
condition (see Fig. 4.7(b)). 
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1 


Electric Field Strength (V/m) 


Fig. 4.10 Current vs electric field 
for devices fabricated with MEH- 
PPV layers of different thicknesses. 


the current density is a strong function of the thickness. By replotting the data in 
Fig. 4.9 as a function of the electric field strength (rather than the voltage), all 
the data collapse onto a single curve; see Fig. 4.10. Thus PLEDs are electric- 
field driven rather than voltage driven. 

Understanding the operating mechanism of PLEDs is complicated by the two- 
carrier nature of these diodes. In order to study the details of the carrier injection, 
single-carrier devices were fabricated in which the current density of one of the 
carriers was reduced to negligible levels. 

4.4.1 

Single-carrier Devices 

“Hole-only” devices were fabricated by replacing the low work function Ca cathode 
(2.9 eV) with higher work function metals such as In (4.2 eV), A1 (4.4 eV), Ag 
(4.6 eV), Cu (4.7 eV) or Au (5.2 eV); see Fig. 4.11. 



Ca 2.9 eV 

In 4.2 eV 
A1 4.3 eV 

Ag 4.6 cV 

Cu 4.7 eV 

Au 5.2 eV 


Fig. 4.11 Band diagram 
(in forward bias) indicating the 
magnitudes of the triangular 
tunneling barrier for various 
cathode materials. 
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Increasing the work function of the cathode increases the offset between the 
Fermi energy of the cathode and the bottom of the Jt Vc -band of MEH-PPV at 2.8 
eV. This reduces the number of injected electrons to levels at which the injected 
holes dominate. Despite the fact that the work function of the cathode increases 
by more than 1 eV (from In to Au), the I-V curves of the devices made with In, 
Al, Ag, Cu and Au cathodes are almost identical, indicating that electron injection 
has been shut off. 

Fowler-Nordheim tunneling theory predicts that the tunneling current is an 
exponential function of 1/F [29] 

I aF 2 exp (- x/F) (4.3) 

where I is the current, F is the electric field strength and x is a parameter that 
depends on the barrier shape. For a triangular barrier [30], 

x = 8-11(2 m“) 1/2 0 3 / 2 /3£A (4.4) 

Here, <p is the barrier height, m' k is the effective mass of holes in the semiconduct¬ 
ing polymer, q is the electron charge and h is Planck's constant. 

The I-V data from a hole-only device fabricated from MEH-PPV with Au as the 
cathode and ITO as the anode are plotted as I/F 2 vs 1/F in Fig. 4.12. As predicted, 
the plot is close to linear particularly at high fields. The literal assumption of tun¬ 
neling through a triangular barrier appears to be an excellent approximation. The 
deviation from linearity at lower fields probably indicates an additional contribu¬ 
tion to the current from thermionic emission. 

Assuming that the electric field is constant across the semiconducting polymer 
and that m* = m (the free-electron mass), the calculated barrier heights are found 
to be 0.2-0.3 eV for all the hole-only devices indicated in Fig. 4.11. The fact that 
the inferred barrier height is unchanged despite the large variation in cathode 
work function indicates that the barrier must be at the ITO/polymer interface. 
Indeed, <p = 0.2-0.3 eV is in agreement with the energy diagram in Fig. 4.11. 

A similar approach can be taken to study electron injection. Replacing ITO with 
a lower work function metal (e. g. Nd or Mg) yields devices in which the carriers 
are almost exclusively electrons. A similar analysis of the data from a range of 
“electron-only” devices indicates that electrons tunnel into the ji*-band of 
MEH-PPV at 4.9 eV through a triangular barrier at the polymer/cathode interface. 
With Ca as the cathode, this barrier is 0.1 eV, again in agreement with the energy 
diagram in Fig. 4.11. 

4.4.2 

LED Operating Voltage and Efficiency 

The operating voltage is very sensitive to the barrier height. This sensitivity is pre¬ 
dicted by the Fowler-Nordheim tunneling model. Equations (4.3) and (4.4) indi¬ 
cate that for the same tunneling current, the ratio </> 3/2 / Vmust be the same. Thus, 
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1/Field (m/V) 


Fig. 4.12 Fowler-Nordheim plot of 
ln[l/F 2 ] vs 1 /F for a hole-only device 
fabricated using MEH-PPV with ITO 
as the anode and Au as the 
cathode. 


increasing the barrier height from 0.1 eV (PANI) to 0.6 eV (Cr) should increase 
the operating voltage by a factor of 11. The experimentally determined increase 
was a factor of 9. 

It is obvious that the device efficiency, r], must also be very sensitive to the bar¬ 
rier height, since the efficiency is limited by upon the minority carrier density. As 
suggested by Eqs. (4.3) and (4.4), Fig. 4.13 plots \n(ri) vs 0 3/2 . The excellent agree¬ 
ment between the theory and the data confirms the use of the Fowler-Nordheim 
tunneling model for describing the carrier injection into the band structure of the 
semiconducting polymer. 

There is evidence of interface modification when metal films are deposited onto 
semiconducting polymers. However, since these interactions involve specific 
chemical reactions between the metal atoms and certain groups on the polymer, 
it is not clear how such chemical reactions could give rise to the systematic varia¬ 
tion in the device efficiency with work function that is evident in Fig. 4.13. 
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Fig. 4.13 Semilog plot 
of quantum efficiency 
(photons/electron) vs 0 3/2 . 
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4.4.3 

Limits of the Model 

When the barrier heights are small, the simple comparison of work functions for 
the prediction of barrier heights is inappropriate; thermionic emission becomes 
important for barriers less than a few tenths of an eV. Moreover, the barrier 
will not be perfectly triangular as the model assumes, but must be somewhat 
ill-defined as a result of disorder-induced band tailing near the polymer band 
edges. In addition, the evaporated electrode materials are likely to be full of de¬ 
fects (possibly even amorphous) and are therefore not expected to have precisely 
the well-defined work function values listed in reference books. Other factors, 
such as the mobility of each charge species and space-charge limiting effects, 
may also have increasing influence over the performance for low barrier-height 
devices. Nevertheless, it is clear that an energy-band picture for the semiconduct¬ 
ing polymer supplemented by Fowler-Nordheim tunneling theory provides an ex¬ 
cellent starting point for understanding the operating mechanism of LEDs fabri¬ 
cated from semiconducting polymers. 

4.4.4 

Approaches to Improved Carrier Injection: 

Hole-blocking Layers, Electron-acceptors and Hole-acceptors 

It is not always possible to find electrode materials that are well matched to the 
electronic structure of an electroluminescent polymer. For example, for large 
bandgap blue-emitting polymers such as the polyfluorenes, the energy barrier 
at the cathode is typically too large for efficient injection of electrons via Fow¬ 
ler-Nordheim tunneling. Similarly, for more electronegative, stable semiconduct¬ 
ing polymers, the barrier at the anode will be too large for efficient hole injection. 
In such cases, hole and/or electron-blocking layers can be added to improve the 
balance of electron and hole currents [31, 32]. Fig. 4.14 shows the electronic struc¬ 
ture of an LED with a hole-blocking layer. The blocking layer creates a barrier at 
the interface of two polymers that blocks the flow of the majority carrier. As the 
density of the majority carrier increases at the blocking interface, the electric 
field at the minority carrier injecting electrode increases, thereby enhancing the 
minority carrier injection. As a result, the electron and hole currents will be 
more nearly balanced. The analogous diagram can be drawn for a device with 
an electron-blocking layer. 

Improved injection can also be achieved through the addition of defects and 
impurities. End-capping with electron-accepting groups and/or hole-accepting 
groups is a useful example [33]. As shown in Fig. 4.15, such groups lead to the 
formation of localized states near the band edges. Thus in forward bias an elec¬ 
tron can tunnel into the ji*-band in two steps; first from the cathode into a loca¬ 
lized state on an electron-accepting site, and then from that site into the Jt Vc -band. 
Since the tunneling probability decreases exponentially as 0 3/2 , the two-step injec¬ 
tion can be more efficient than direct tunneling through the barrier into the 
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Fig. 4.14 (a) Flat-band dia¬ 

gram of the electronic struc¬ 
ture of an LED with a hole¬ 
blocking layer, (b) Electronic 
structure of an LED with a 
hole-blocking layer in for¬ 
ward bias. The electric field 
is primarily across the ETL; 
the field in the luminescent 
polymer is nearly zero. 
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ji*-band. As sketched in Fig. 4.15 (dotted arrow), a two-step process involving tun¬ 
neling followed by thermal excitation from the impurity acceptor state into the 
band can also help. 

Electron-accepting and/or hole-accepting groups can also be incorporated into 
the chain (copolymers) or by addition of appropriate small molecules into the 
film. In the latter approach, however, clustering and phase separation are likely 
problems [34, 35]. 
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Fig. 4.15 End-capping with elec¬ 
tron-accepting groups and/or 
hole-accepting groups leads to 
the formation of localized states 
near the band edges; electron ac¬ 
cepting states are at energies just 
below the jr*-band, and hole-ac¬ 
cepting states are at energies just 
above the jt-band. Alternatively, 
such acceptor units can be 
inserted into the main chain 
as “dopants”. Small molecule 
acceptors can also be used. 
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4.5 

Pixilated Displays 

The ability to process the luminescent semiconducting polymer from solution en¬ 
ables the introduction of simple and potentially inexpensive methods for manu¬ 
facturing pixilated displays. There are two general classes of pixilated displays 
that differ in the manner in which the individual pixels are switched on and 
off: passive matrix displays and active matrix displays. 

Active matrix displays have a thin-film transistor (TFT) switching circuit em¬ 
bedded in the area of each individual pixel. Although the TFT backplanes needed 
for polymer emissive displays are similar to those developed for liquid crystal dis¬ 
plays (LCDs), the TFT circuits must be capable of switching much higher currents 
than are required for LCDs. For active matrix displays, the luminescent semicon¬ 
ducting polymer and cathode, etc. are deposited directly onto the premanufac¬ 
tured TFT backplane (the anode for the LED pixel is built onto the TFT circuit). 
In an active matrix display, the pixels are held at constant brightness by the TFT 
circuit and the image is refreshed at video rates (e. g. 60 Hz). 

Passively addressed displays utilize electrodes that are patterned into columns 
and rows as sketched in Fig. 4.16. In a passively addressed display, only the pixel 
defined by the intersection of a specific column of the anode and a specific row of 
the cathode that are simultaneously addressed will give off light. The image is 
produced by scanning the columns and rows with appropriate driver circuits. 
Because of the low duty cycle, each individual pixel is pulsed to high brightness 
when it is on; the viewer averages the intensity. For example, with a 64-column 
display, the duty cycle is 1/64. Thus to achieve an average brightness of 200 
cd/m 2 , the pixels must be pulsed on to a brightness of 12 800 cd/m 2 ' 

For monochrome displays, a uniform film of the semiconducting polymer (as 
sketched in Fig. 4.16) can be spin-cast from solution. For full-color displays, 
both active matrix and passively addressed, individual red, green and blue pixels 
must be patterned and individually addressed. 
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Hermetic package 



Cathode Lines 

Polymer layer 

Claw substrate 


Contact pads 


JTO lines 


Fig. 4.16 

Diagram of the 
structure of a 
passively ad¬ 
dressed display. 


Light emission 



Fig. 4.17 Examples of different semi¬ 
conducting polymers in solution. These 
colored solutions can be thought of as 
“functional inks” and applied to sub¬ 
strates using the methods of modern 
printing technology. 


The colored liquids in Fig. 4.17 are examples of different semiconducting poly¬ 
mers in solution. These colored solutions can be thought of as “functional inks” 
and applied to substrates using the methods of modern printing technology. Ink¬ 
jet printing appears to be an ideal way to deposit the red, green and blue pixels of 
a full-color display. Fig. 4.18 illustrates this remarkable opportunity. 

In display applications, fast (video rate) switching of the pixels is required. The 
intrinsic lifetime of the electroluminescence is the decay time of the photolumi¬ 
nescence; i. e. less than a nanosecond. Thus, for pixilated polymer emissive dis¬ 
plays, the switching rate is limited only by the RC time constant of the device. 
For the small pixels of a full-color display, C is sufficiently small that the devices 
can be switched in times in the nanosecond regime. This fast switching is demon¬ 
strated for a single pixel in Fig. 4.19. 

The possibility of using flexible substrates to fabricate fully flexible displays is 
particularly attractive (see Fig. 4.2). The critical limitation of the flexible LED tech¬ 
nology is the permeability of most plastics to oxygen and water vapor. This perme¬ 
ability allows atmospheric oxygen and water vapor into the device and accelerates 
degradation. Water vapor is especially hazardous to the device operation since it 
will react with the low work function cathode. The development of technology 
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Fig. 4.18 Sketch of a printed array of pixels is shown on the left. Below on the left is a photo of 
the colored pixels in an early device fabricated by ink-jet printing (defects evident). On the right 
is a color photo of a full-color display shown by Seiko-Epson in 2000. 


Fig. 4.19 Demonstration of fast in 
switching for a polymer LED pixel. In 
this figure a LED was fabricated on a 
strip-line configuration to minimize 
the stray input capacitance. 



Time (nS) 


for making plastic substrates capable of forming a hermetic seal will be a critical 
step in the evolution of the field of polymer electronics. The flexibility offers 
advantages to the end user. More importantly, however, flexible substrates are 
required for roll-to-roll manufacturing. 

A photo of a full-color polymer emissive active matrix display is shown in 
Fig. 4.20. 
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Fig. 4.20 Full-color polymer emissive 
active matrix display showing a video 
image. 


4.6 

Thickness Dependence of Electroluminescence Efficiency 

Fig. 4.21 shows the thickness dependence of the external quantum efficiency for 
electroluminescence, QE ext (EL) as a function of the film thickness for two closely 
related PPV derivatives, OC1C10-PPV and MEH-PPV. The quantum efficiencies of 
these devices were measured using an integrating sphere. 

The oscillatory dependence on the thickness ( d ) of the polymer layer arises 
from the proximity of the metallic mirror electrode (the cathode); the emitting 
oscillator interacts with the virtual image oscillator “behind the mirror” [36, 
37]. Because the radiation from the emitter and the retarded radiation from the 
image oscillator interfere, the PL decay rate is an oscillatory function of the dis¬ 
tance from the mirror. Consequently, for a thin film, the quantum yields for 
photoluminescence and electroluminescence are oscillatory functions of d. 
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Fig. 4.21 Thickness de¬ 
pendence of the external 
quantum efficiency of LEDs 
fabricated from OC1C10- 
PPV and MEH-PPV 
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When the average distance from the mirror to the oscillator is too small 
(d <<100 nm), the losses from the metallic electrode quench the luminescence. 
This is a particularly important limitation. Although thinner devices would have 
lower operating voltages (the PLED is electric-field driven), the efficiency de¬ 
creases rapidly for thicknesses below 100 nm. As shown in Fig. 4.16, the opti¬ 
mum thickness is approximately 80 nm [38]. 


4.7 

Limits on the Electroluminescence Efficiency 

The performance of PLEDs is ultimately limited by the quantum efficiency for 
photoluminescence. If, however, the lowest energy excited states are strongly 
bound excitons (electron-hole pairs in singlet or triplet states), the theoretical 
limit for the quantum efficiency of electroluminescence (EL) is 25 % of the corre¬ 
sponding quantum efficiency for photoluminescence (PL): an electron in the 
ji*-band and a hole in the Ji-band can form a triplet with multiplicity of three 
or a singlet with multiplicity of one, but only the singlet can decay radiatively. 
However, if the cross section for an electron-hole pair to form a singlet bound 
state is significantly higher than the cross section to form a triplet bound state, 
the ratio of EL quantum efficiency to PL quantum efficiency would be correspond¬ 
ingly larger than that predicted by the simple statistical argument given above 
(i. e. > 25%). Finally, if the electron-hole binding energy is sufficiently weak, 
the maximum quantum efficiencies can theoretically approach that of the PL. 
In the weak interaction limit, electron-hole pairs in a triplet configuration 
would simply scatter but not recombine. Eventually, the spin-orbit interaction 
would cause a spin-flip after which singlet formation and radiative recombination 
could occur. 

Fig. 4.22 shows the temperature dependence of QE ext (EL) of a device fabricated 
from OC1C10-PPV containing 20% (by weight) of (2-(4-biphenyl)-5-(4-tert-butyl- 
phenyl)l,3,4-oxidiazole (Bu-PBD) with a film thickness of 100 nm. The use of 


Fig. 4.22 Temperature dependence 
of QE ext (EL) and QE ext (PL). Filled cir¬ 
cles; QE ext (EL) of a device fabricated 
from OC1C10-PPV containing 20% 
Bu-PBD. Data from an identical de¬ 
vice with pure OC1C10-PP are shown 
for comparison (open circles). 
QEext(PL) = 8 % and temperature in¬ 
dependent between room tempera¬ 
ture and 85 °C. 







172 


4 Polymer-Based Light-Emitting Diodes (PLEDs) and Displays Fabricated from Arrays of PLEDs 


Bu-PBD (a well-known electron acceptor and transport molecule) was motivated 
by the need to achieve better-balanced electron and hole currents; see Fig. 4.15. 
The data from an identical device fabricated with pure OC1C10-PPV (without 
Bu-PBD) are shown for comparison. For devices containing Bu-PBD, the effi¬ 
ciency increases reversibly with temperature; at 85 °C, QE ext (EL) = 4%. The effect 
of the Bu-PBD is evidently to fine tune the balance of the electron and hole injec¬ 
tion. The acceptor level in Bu-PBD is close to the bottom of the ji-band of the lu¬ 
minescent polymer (see Fig. 4.15). 

The increase in QE ext (EL) does not result from an increase in QE ext (PL); as 
shown in Fig. 4.22, the latter is temperature independent in devices with and 
without the Bu-PBD. The PL and EL efficiencies were carefully checked on 
each of a series of devices fabricated with films of different thickness (analogous 
to the data in Fig 21). The PL and EL efficiencies track one another as d is varied. 

By using EL and PL data from the same devices to minimize the error, 

QE ext (EL) = 4.0 (±0.2) %, at operating voltages of 3-4 V; 

QE ext (PL) = 8 (±0.8)% at zero field. 

These data demonstrate that QE ext (EL) / QE ext (PL) = 0.5. This is a lower limit for 
the ratio. Note that the EL data were obtained at electric fields of 3-4 X 10 5 V/cm; 
at these high electric fields, field-induced quenching measurements show a 
reduction in PL efficiency by 10% [39, 40]. Thus, QE ext (EL) / QE ext (PL) > 0.5. 

The high value for QE ext (EL) / QE ext (PL) > 0.5 indicates that either the exciton 
binding energy is small (of order k B T) or that the cross section for an electron- 
hole pair to form a singlet bound state is significantly higher than the cross sec- 


5.5^ 

-1-■-1- 1 -1- 1 -1- 1 -1- 1 -1-■-1- 


PTV 

5.0- 

■ 

L 

4.5- 

1 


RR-P3HT PFO 

4.0- 

■ / ■ ~ 

3 5- 

mLPPP 


■ , 


* f 

^ i 

3.0- 

Si-PT 


■ MeH-PPV 


■ 

2.5- 

+ r 


PPV / 


RRa-P3HT ■ ■ / 

2.0- 

■ ■ .. — j 


bt" " ppe 

1.5- 

- 

1.0- 

1 1 1 ! 1 1 1 1 1 1 1 1 1 


1.8 2.0 2.2 2.4 2.6 2.8 3.0 


Fig. 4.23 Ratio of the 
singlet to triplet cross sec¬ 
tions for a series of lumi¬ 
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tion to form a triplet. There is experimental evidence that both of these alterna¬ 
tives are true. The exciton binding energy in PPV, as inferred from photoconduc¬ 
tivity measurements, is approximately 60-70 meV; i. e. only 2-3 k B T at room tem¬ 
perature. Wohlgenannt et al. [41] were able to directly measure the ratio of singlet 
to triplet cross sections; their data are reproduced in Fig. 4.23. The singlet cross 
section is 3-4 times larger than the triplet cross section for all the luminescent 
semiconducting polymers; i. e. consistent with QE ext (EL) / QE ext (PL) > 0.5. 


4.8 

White-light emission 

PLEDs that emit white light are of interest for use as back-lights in high-efficiency 
active matrix displays (with color filters) and because they might eventually be 
used for solid-state lighting [42]. In such applications, manufacturing costs will 
be a major issue. The fabrication of PLEDs by processing the active materials 
from solution promises to be much less expensive than that of OLEDs where 
the active layers require high-vacuum deposition. Several approaches have been 
used to generate white light from PLEDs. As an illustrative example, we focus 
on the use of polyfluorene (PFO) as a host material containing small quantities 
of poly(9,9-dioctylfluorene-co-fluorenone) with 1% fluorenone, (PFO-F(l%)) 
and the Ir complex, tris[2,5-bis-2'-(9',9'-dihexylfluorene)pyridine-x 2 NC 3 >]Iridium 
(III), Ir(HFP) 3 . The PFO provides the blue component, the PFO-F(l%) provides 
the green component [43] and the Ir(HFP) 3 [44]. provides the red component. The 
molecular structures of the various components are shown in Fig. 4.24. 





PFO-F (1%) 


IrfHFPh 


Fig. 4.24 Molecular structures of polyfluorene (PFO, polyfluorene containing 1 % fluorenone, 
and the Ir metal-organic complex, I r(H FP) 3 . 
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Fig. 4.25 Absorption and PL 
spectra of PFO-F (1 %) thin 
films. 


Polyfluorenes (PFs), as efficient blue emitters, have emerged as an important 
class of conjugated polymers. They exhibit high photoluminescence (PL) efficiency, 
good charge transport and thermal stability. As host materials, the PFs enable full- 
color (blue, green and red) emission via energy transfer to longer-wavelength emit¬ 
ters in blends with other conjugated polymers, phosphorescent dyes and organo- 
metallic emitters. Consequently, the PFs are interesting candidates as materials for 
use in the fabrication of PLEDs that emit white light. In such white-emitting 
PLEDs, the PFs can function both as the host and as the blue emitter. 

Typically, however, a low-energy (2.2-2.4 eV) green PL band appears in the emis¬ 
sion from PFs over time and degrades the blue emission. The green emission band 
originates from fluorenone defects (impurities) in the PF chain [7, 45]. Having iden¬ 
tified the role of fluorenone defects in the PFs, one can take advantage of the fluor¬ 
enone defect for creating materials with stable green emission [46]. 

Fig. 4.25 shows the absorption and PL spectra of PFO-F (1 %) thin films. For 
PFO-F (1%), the absorption onsets at approximately 430 nm (2.88 eV) with a 
maximum absorption at 384 nm (3.23 eV), corresponding to the expected Jt-Jt* 
transition from the fluorene backbone. When compared to PFO, however, an 
additional weak absorption band appears at —420 nm, which is associated with 
the n-jf transition observed in the spectroscopy of fluorenone molecules. 
Under irradiation with light of 384 nm, the PL from PFO-F (1 %) is green with 
a weak blue component; i. e. the same as the PL from oxidized PFO films. The 
green emission from PFO-F (1 %) films thus originates from fluorenone units 
within the copolymer. 

4.8.1 

Efficient Excitation Energy Transfer from PFO to the Fluorenone Defect 

The absorption spectra of PFO and fluorenone thin films and the PL spectra of 
PFO and PFO-F (1 %) thin films are shown in Fig. 4.26. The absorption maxima 
for PFO and fluorenone are at 384 nm and 415 nm, respectively. Under irradia- 
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Fig. 4.26 Normalized thin- 
film absorption spectra of PFO 
and fluorenone and photolu¬ 
minescence spectra of PFO and 
PFO-F (1 %). 
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tion with 380-nm light, the PL shows well-defined vibronic features. A weaker 
long-wavelength emission (—530 nm) is also evident in the spectra. Fig. 4.26 de¬ 
monstrates that there is a good overlap between the absorption spectrum of 
fluorenone and the emission a spectrum of PFO implying efficient Forster energy 
transfer with subsequent emission from the fluorenone. 

In order to test the efficiency of Forster energy transfer, thin films of pure PFO, 
PFO-F(1 %) and PFO with different concentrations of PFO-F(1 %) were prepared 
and excited optically with 380-nm radiation. Normalized thin-film PL spectra of 
PFO and PFO blended with the different concentrations of PFO-F (1 %) are 
shown in Fig. 4.27. The PL profile indicates two species. (1) The PL from PFO 
with maxima at 420 nm and 450 nm. (2) The PL from fluorenone with maximum 
at 530 nm. The blue emission (at 420 nm and 450 nm) decreases and the green 
emission (at 530 nm) increases as the concentration of PFO-F (1 %) is increased. 
Direct measurements of the optical absorption at 380 nm indicate that the absorp¬ 
tion coefficient of PFO is 20 times greater than that of the fluorenone component. 


Fig. 4.27 Normalized thin-film photo¬ 
luminescence spectra of PFO, PFO-F 
(1 %) and PFO blended with different 
concentrations of PFO-F (1 %). 
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Fig. 4.28 HOMO and LUMO energy 
levels of fluorenone are compared to the 
jt- and ic*-band edges of PFO. 


■5.2 eV 
PEDOT:PSS 
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Thus, for PFO-F(l%), nearly all the incident photons are absorbed by the PFO. 
These data indicate efficient Forster energy transfer from PFO to the fluorenone 
defects. 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molec¬ 
ular orbital (LUMO) energy levels of fluorenone are shown in Fig. 4.28. Consis¬ 
tent with charge trapping, the fluorenone defects function as both a hole trap 
and an electron trap; the HOMO and LUMO of fluorenone fall within the 
jt—Jt* gap of PFO [47]. In addition, the hole (electron) can be injected from the 
PEDOT:PSS (Ca) electrode directly into the HOMO (LUMO) of fluorenone 
because of the small energy barrier between PEDOT:PSS and the HOMO (or be¬ 
tween Ca and the LUMO) of fluorenone. 

Therefore, the more pronounced green emission from PFO containing fluore¬ 
none defects results from a combination of efficient energy transfer, charge car¬ 
rier trapping and relatively easy injection (from the electrodes) of carriers into 
the fluorenone traps. 

4.8.2 

White Electrophorescent PLEDs 

White-emitting PLEDs were fabricated using PFO, PFO-F and Ir(HFP) 3 . Fig. 
4.29(a) shows the EL spectra obtained from devices with a configuration of (ITO)/ 
PEDOT:PSS/emitting layer/Ba/Al. The emitting layer comprises Ir(HFP) 3 :PFO- 
F(l%):PFO. The same spectra, renormalized to the sensitivity of the human 
eye, is shown in Fig. 4.29(b). The emission is well matched to the response of 
the human eye. 

In the electrophosphorescent PLEDs made from the blends of Ir(HFP) 3 :PFO- 
F(l%):PFO, injected holes and electrons recombine by two processes; direct re¬ 
combination on the main chain (PFO) to produce blue emission in parallel 
with electron and hole trapping on the fluorenone units and on the Ir(HFP) 3 fol¬ 
lowed by radiative recombination, with green light from PFO-F (1 %) and red 
light from the triplet excited state of Ir(HFP) 3 . 

The CIE (Commission International d’Eclarirage) coordinates, color temperature 
(CT) and color rendering index (CRI) were quantitatively evaluated from EL spectra 
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Fig. 4.29 (a) EL spectra obtained 

from white-emitting electropho- 
sphorescent PLEDs and (b) the 
same spectra as in (a) but renor¬ 
malized to the sensitivity of the 
human eye. 
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[48, 49]. Fig. 4.30 shows the 1931 CIE chromaticity diagram, with coordinates 
corresponding to the emission from electrophosphorescent PLEDs: data points 
are shown for devices (open circles) biased at different current densities. In 
Fig. 4.30, the dotted line indicates different color temperatures; the dotted oval in¬ 
dicates the approximate area where the human eye perceives the color as white. 
The CIE coordinates for the Ir(HFP) 3 :PFO-F(l %):PFO devices are (0.352, 
0.388) at J = 1 mA/cm , very close to the CIE coordinates for pure white light, 
(0.333, 0.333). The CIE coordinates show only minor shifts at different J. The sta¬ 
bility of the CIE coordinates as a function of the brightness and applied voltage is 
much better than reported previously for PLEDs/OLEDs [11, 50-55]. 

The Ir(HFP) 3 :PFO-F(l %):PFO devices had CT -4600 K and CRI = 86; the CT 
—4600 K is very close to the CT of sunlight at 20° solar altitude (4700 K) [56]. The 
CTs and CRIs are insensitive to brightness and J. 

The white emission turns on at approximately 5 V, with a luminance (L) of L = 
6100 cd/m at 17 V. A Lambertian intensity profile was assumed to calculate the 
LE (cd/A) and the PE (lm/W) with the following results: LE = 3 cd/A and L = 255 
cd/m 2 at J = 8.5 mA/cm 2 . The PE was approximately 1 lm/W. 
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Fig. 4.30 CIE (1931) chromaticity 
diagram, with coordinates corre¬ 
sponding to the emission from 
white-emitting devices (O O O) 
biased at different current densities. 
Also shown are the equienergy point 
(E) for pure white light (0.333, 

0.333) (•) and the coordinates cor¬ 
responding to color temperatures of 
4000 l< (■), 5000 l< (▲) and 6500 K 
(▼). The dotted line indicates dif¬ 
ferent color temperatures; the dotted 
oval indicates the approximate area 
where the human eye perceives the 
color as white. 


Since the charge carriers are not balanced in the devices described in Figs. 4.29 
and 4.30 [33], we anticipate that the LE and PE can be enhanced by using ap¬ 
proaches described earlier in this chapter. Indeed, as noted in Fig. 4.16, the carrier 
injection and carrier balance can be improved through the use of hole-injection 
and electron-injection layers. Using this approach, at UC Santa Barbara we 
have achieved higher efficiency by fabricating multilayer white electrophosphores- 
cent PLEDs. The multilayer white PLEDs are fabricated by using luminescent 
semiconducting polymers and organometallic complexes as the emission layer, 
water-soluble (or methanol-soluble) poly(vinylcarbazole) sulfonic lithium (PVK- 
S0 3 Li) as the HTL and water-soluble (or methanol-soluble) 4-(5-(4-ter£-butyl- 
phenyl)-1,3,4-oxadiazole-2-yl)-biphenyl-4’-yl sulfonic sodium (t-Bu-PBD-S0 3 Na) 
as the ETL. All layers are spin-cast from solutions in the device configuration: 
ITO/PEDOT/HTL/emissive layer/ETL/Ba/Al. The results demonstrate that 
white-emitting PLEDs with both HTL and ETL have significantly enhanced lumi¬ 
nance, luminous efficiency and power efficiency. The multilayer white electro- 
phosphorescent PLEDs have LE = 10.4 cd/A, PE = 3 lm/W and L = 2391 cd/m 2 
at f =23 mA/cm 2 (V = 11 V) with L = 2.4 X 10 4 cd/m 2 at 16 V. For solid-state light¬ 
ing applications, the corresponding numbers are > 20 cd/A and 5 lm/W [57]. 


4.9 

Conclusion 

Research on PLEDs has demonstrated significant progress. Although the basic 
mechanisms of carrier injection, recombination and emission are understood, 
characterization of degradation mechanisms is less well developed. Moreover, 
challenges remain that must be resolved to enable the widespread application 
of PLEDs in commercial products. Among the most important challenges are 
achieving high materials purity, low-cost manufacturing, high brightness and 
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efficiency, and long operational lifetimes. Impurities in luminescent materials 
cause exciton quenching and hence decrease the emission efficiency, increase 
the device series resistance, and decrease operational stability. 

The use of white-emitting PLEDs for solid-state lighting will require significant 
breakthroughs toward the development of low-cost manufacturing of large areas, 
improved electroluminescent efficiency, improved out-coupling efficiency, and 
long operational stability. Roll-to-roll manufacturing techniques offer an opportu¬ 
nity for mass production of low-cost, large-area white-emitting PLEDs; these pro¬ 
cesses may eventually make the cost of producing white PLEDs competitive. 
However, the process development of roll-to-roll manufacturing has not even 
seriously begun. Moreover, the luminous efficiency achieved from white-emitting 
PLEDs is still too low for most solid-state lighting applications [46]. Thus, the fab¬ 
rication of multilayer white-emitting PLEDs using solution processable polymer 
systems must be expanded and developed [57]. 


Note: 

The approach to improving the carrier injection outlined in Section 4.4.4 has 
recently been extended to a multilayer structure with the addition of both an elec¬ 
tron injecting (hole-blocking) layer and a hole injecting (electron-blocking) layer; 
see X. Gong et al., Adv. Mater., 2005, 17, 2053. 
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5 

Metal/Polymer Interface Studies for Organic Light-Emitting 
Devices 

Man-Keung Fung, Chun-Sing Lee, and Shuit-Tong Lee 


5.1 

Review of Organic Light-Emitting Diodes and their Fundamental Interface Studies 

Organic materials have been traditionally considered as an insulator until a feeble 
electrical conductivity of organic molecules was reported in the late 1950s [1]. An 
epoch of using organics for electrical applications has begun since 1977, when 
Chiang et al. [2] discovered a gigantic increase of eleven orders of magnitude of 
electrical conductivity of a polymer when halogen was introduced into polyacety¬ 
lene. A new term of‘organic semiconductor’, which is commonly used today, was 
therefore coined specifically for this new class of conducting materials. This dis¬ 
covery, unveiling the mystery of plastic electronics, led to the award of a Nobel 
Prize in Chemistry in 2000 to Heeger, MacDarmid and Shirakawa for their con¬ 
tributions in conducting polymers. Meanwhile, DC-driven electroluminescence 
from organic anthracene single crystal was manifested in the 1960s by Pope 
et al. [3] and Helfrich and Schneider [4], who were the pioneers on disclosing 
the phenomenon of organic electroluminescence. Nevertheless, the application 
of organic light-emitting diodes (OLEDs) was still unrealistic due to the high 
operating voltage (greater than 100 V to achieve reasonable luminance) needed 
for injecting charges into the organic crystal. A breakthrough was made in 
1987 when Tang et al. [5] demonstrated that double-layered and vapor-deposited 
molecular films consisting of a hole-transporting layer of aromatic diamine and 
an emissive layer of 8-hydroxyquinolinealuminum (Alq 3 ) could generate organic 
electroluminescence greater than 1000 cd/m 2 at a driving voltage lower than 10 V. 
The double-layer design has become a landmark achievement and prototypical 
structure in OLEDs. The demonstration of electroluminescence in conjugated 
polymers by Burroughes et al. [6] in 1990 further heightened interest and nour¬ 
ished research and development in organic electroluminescence. In the last 15 
years, organic semiconductors have developed rapidly from a topic of research in¬ 
terest into a wide range of applications, which include polymer light-emitting 
diodes (PLEDs) [6-14], small-molecule based OLEDs [5, 15-20], organic lasers 
[21-26], organic transistors [27-35] and solar cells [36-41], etc. 


Organic Light Emitting Devices. Synthesis, Properties and Applications. 
Edited by Klaus Mullen and Ullrich Scherf 

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN 3-527-31218-8 



182 


5 Metal/Polymer Interface Studies for Organic Light-Emitting Devices 


Fig. 5.1 A survey 
spectrum of 1000 A 
thick poly(9,9-dictyl- 
fluorene) film as 
measured from XPS. 
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The main difference between PLEDs and small-molecule based LEDs, as a re¬ 
sult of the use of either polymeric or small-molecular compounds respectively, is 
in the method of film preparation. Films of small molecules are usually prepared 
by vacuum evaporation, while polymer films are prepared by spin coating from 
solution in a nitrogen-filled glove box. Polymer films prepared by spin coating 
are often thought to be impurity-rich since the coatings are not vacuum-depos¬ 
ited. As organic synthesis becomes more mature, high purity of polymers can 
now be routinely obtained. A survey spectrum in Fig. 5.1 shows an X-ray photo¬ 
electron spectrum of a conjugated polymer film of poly(9,9-dictylfluorene), which 
was obtained from the Dow Chemical Company and spun under ambient condi¬ 
tion on ITO. This spectrum contains a single, intensive and narrow peak at a 
binding energy of 285 eV due to carbon Is core level and no other peaks, thus 
showing that the polymer surface is highly pristine and free of contamination. 

Aside from film preparation, the device configuration and working principle of 
both PLEDs and small-molecule based OLEDs are basically the same, as shown in 
Fig. 5.2. The device typically consists of a high work function anode (e. g. indium 
tin oxide) and a low work function cathode, and a hole-transporting layer (HTL), 
an emissive layer (EML) and an electron-transporting layer (ETL) sandwiched be¬ 
tween (Fig. 5.2(a)). In most of the devices nowadays, double layers for charge 
transporting are commonly used, where one of them also functions as the emit¬ 
ting layer (Fig. 5.2(b)). Application of an external voltage across the two electrodes 
leads to injection of holes and electrons from the anode and cathode, respectively, 
into the organic layers. With appropriate energy-level alignment across each layer, 
electrons and holes migrating towards one other by a hopping transport mechan¬ 
ism recombine near one of the interfaces, as shown in Fig. 5.2(c) and 2(d), yield¬ 
ing light upon radiative decay of excitons. The carrier injection barrier heights at 
the various interfaces (so-called injection barrier) and the mobility of organic 
layers determine the location of the recombination zone and more critically device 
performance, such as turn-on voltage and luminescent efficiency. The chemistry 
between the electrode and organic also has a substantial influence on the electro¬ 
nic properties at the interface, which in turn dictates the properties of OLEDs. 
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Fig. 5.2 Device configuration and working principle of OLEDs. (a) a triple-layer device showing 
a hole-transporting layer (HTL), emissive layer (EML) and electron-transporting layer (ETL) 
sandwiched between two electrodes; (b) a double-layer device. An energy diagram showing 
hopping transport of holes and electrons in (c) a triple-layer device and (d) a double-layer de¬ 
vice. Light comes out upon radiative decay of excitons. 


A study of interfaces between the organic and metal layers is thus of fundamental 
importance for improving the device performance of OLEDs. 

The electronic properties of metal and organic, such as work function of metal 
(0m)’ work function of organic material (0 p ), ionization potential (IP), electron af¬ 
finity (EA) and bandgap (£ g ), are determined by the vacuum level (£ vac ), Fermi 
Level (E f ), highest occupied states (HOS) and lowest unoccupied states (LUS) 
(Fig. 5.3(a)). Two regimes are commonly used to describe the interface formation 
when two metal and organic layers are in contact. In the early days, it was be¬ 
lieved that energy-level alignment is upheld at the metal/organic interface, or 
vice versa, so-called the Schottky-Mott limit [42]. In such a case, the metal and 
the organic layer have a common vacuum level (Fig. 5.3(b)). The hole-injection 

c 

barrier Ef and electron-injection barrier Ef are therefore simply equal to IP-0 m 
and 0 m -EA, respectively. Nevertheless, this rule was found to be invalid for 
most metal/organic interfaces [43-55]. A dipole layer (Fig. 5.3(c)) is often present 
at both the organic-on-metal and metal-on-organic interfaces (hereafter, the or- 
ganic-on-metal interface is simply represented as organic/metal, and vice 
versa), and the E f is always taken as a common level. Using this Ffaligned ap¬ 
proach and the nomenclature reported by Ishii et al. [44] for organic/metal inter- 

c r 

faces, the Ef becomes IP-zl-0 m while Ef is equal to 0 m -(EA-zl) or E g -E y . It 
should be noted that the sign of A depends on the direction of the dipole mo¬ 
ment. In the case shown in Fig. 5.3(c), A is positive. In reality, it is more difficult 
to manifest an actual polymer/metal interface accurately, in contrast to the ideal 
organic/metal contact in Fig. 5.3(c), since preparation of polymer films with a 
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Fig. 5.3 Electronic 
structures of metal and 
organic when the metal 
and organic are (a) se¬ 
parated; (b) under con¬ 
tact obeying Schottky- 
Mott model; (c) under 
contact obeying the 
'l f aligned’ approach. 
The electronic structures 
of metal/polymer inter¬ 
face are shown in (d). 


thickness in A by a spin-coating technique is not an easy task. In polymer/metal 
interfaces, the interfacial dipole A is therefore generally represented as </> m -0 p 
(Fig. 5.3(d)). The binding energy separation between the HOS and 0 p of the poly- 

r r 

mer then represents the barrier height Ef for hole injection, giving IP = </> p + Ef 

r 

and Ef = E g -E y . Using the above definitions, A for a polymer/metal interface 
would always be null [56], in contrast to that observed in most organic/metal in¬ 
terfaces [44, 45]. The nonzero interfacial dipoles are often observed in the latter 
case because vapor-deposited molecular species tend to have an intimate contact, 
and thus interaction with the metal substrate, resulting in charge-transferring or 
interfacial chemical interactions between the metal and organic material. On the 
contrary, the presence of solvent in the spin-coated polymer was believed to pas¬ 
sivate the above chemistry [57]. 

The insignificance of A on the polymer/metal interface has been recently illus¬ 
trated in a review of Salaneck et al. [58]. For PLEDs, numerous research groups 
have studied the interface formation between calcium and poly(p-phenylene 
vinylene) (PPV) (or substituted PPV), which is a prototypical emitting material 
used in PLEDs [59-68]. Recently, fluorene-based polymers like blue-emitting 
poly(9,9-dioctylfluorene) (PFO) and green-emitting poly(9,9-dioctylfluorene-co- 
benzothiadiazole) (F8BT) have been widely used in PLEDs with prominent lumi¬ 
nescence characteristics [7, 69-75]. For example, highly efficient PLEDs of green 
color with low turn-on voltage (2 V), high brightness (1000 cd/m 2 at 3.1 V) and 
high efficiency (22 lm/W at 100 cd/m 2 ) have been reported using fluorene- 
based polymers [7, 69]. Therefore, more fundamental studies on the poly- 
fluorene-based polymers are necessary for further enhancing device performance. 
Towards this goal, Salaneck et al. [76-83] and our research group [84-88] have 
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recently reported a number of metal/PFO interface studies using photoelectron 
spectroscopic techniques. These metals include Ca [84, 85], Li [76, 78, 79, 83, 
86], Na [77, 86], K [86-88], Cs [86-88], A1 [76, 81, 82], LiF/Al [76, 78, 81, 82] 
and CsF/Al [80-82]. This chapter aims at giving a review of our recent results 
on: (i) metal/F8BT interfaces and (ii) the electrode selection for small-molecule- 
based OLEDs using representative metals and metal/metal fluoride as cathodes, 
so as to underscore the importance of interface study and its consequential appli¬ 
cations in OLEDs and PLEDs. 

The following section begins with a brief experimental description (Section 
5.2). The analytical methods used in the present works are X-ray photoelectron 
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS), the detailed 
working principles of which can be found in the literature [44, 57, 58]. In Section 
5.3, we summarize the interface of F8BT with two commonly used metal electro¬ 
des, namely Ca and Cs, studied by using photoelectron spectroscopic techniques. 
The formation of bipolaron states upon doping is also discussed. In Section 5.4, 
the application of rare-earth metals as a cathode in PLEDs is discussed in terms of 
their interface formation with the F8BT, and the usage of rare-earth metal/cesium 
fluoride cathode for different OLED configurations is elucidated in Section 5.5. 
This chapter ends with the conclusions in Section 5.6. 


5.2 

Polymer Materials, their Preparations, and Experimental Details 

The primary object of this chapter is to show the importance of surface analysis 
and metal/organic interfaces in OLEDs. This is achieved by a review of the sur¬ 
face analysis of a promising green-emitting polymer, namely F8BT, from the poly- 
fluorene family that has been widely used in light-emitting polymer technology 
[7, 69-75]. The polymer was obtained from the Dow Chemical Company. The 
structure of F8BT is shown in Fig. 5.4, where the side chains of C 8 H 17 increase 
the solubility of the polymer in most common organic solvents such as toluene 
and xylene. The photoluminescence (PL) spectrum of F8BT exhibits an emissive 
peak of 530 nm (Fig. 5.5). F8BT were spin coated from a toluene or xylene solu¬ 
tion (0.15 wt. %) to form 5-10 nm thick films on ultraviolet ozone-treated indium 
tin oxide (ITO) substrates. The freshly spin-coated film was then loaded in a UHV 
chamber immediately for photoemission spectroscopic studies. 



Fig. 5.4 Chemical structure of F8BT 
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Fig. 5.5 Photo¬ 
luminescence (PL) 
spectrum of F8BT 


The photoemission studies were performed in a VG ESCALAB 220i-XL photo¬ 
emission spectroscopy system with a monochromatic aluminum Ka source 
(1486.6 eV) for XPS analysis and an unfiltered He I (21.2 eV) and He II (40.8 
eV) gas-discharge lamp for UPS analysis. The photoelectrons are collected by a 
CHA equipped with six channeltrons. Shown in Fig. 5.6 is a schematic drawing 
of the surface analysis system. This system consists of an analysis chamber, a 
multiport carousel chamber equipped with a residual gas analyzer (RGA), an eva¬ 
poration chamber with substrate heating elements, and a sample load-lock cham¬ 
ber with an inlet for oxygen and water vapor exposure experiment. The base pres¬ 
sures in the analysis chamber, the multiport carousel chamber, the evaporation 
chamber and the load-lock chamber were 5 X 10“ 10 , 9 X 10“ 10 , 6 X 10“ 10 and 

>—j 

2 X 10 mbar, respectively. The absolute energy resolution of the analyzer was 
0.018 eV for the UPS and 0.36 eV for the XPS measurements, thus obtaining a 
spectral resolution of approximately 0.1 eV as estimated from the Fermi edge of 
Au and a full width at half-maximum (FWHM) of 0.7 eV from Au 4f 7/2 . Before 
transferring the sample to the analysis chamber, F8BT samples were warmed 
slightly (< 300 °C) in the evaporation chamber to remove the solvent and surface 
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Fig. 5.6 A sche¬ 
matic drawing of the 
VG ESCALAB 
220i-XL photoelec¬ 
tron spectroscopy 
system. An analysis 
chamber, a multi- 
port carousel cham¬ 
ber, an evaporation 
chamber and a 
sample load-lock 
chamber are shown. 
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contaminants. UPS spectra were then recorded with a sample bias of -4.0 V to 
allow the observation of the inelastic electron cut-off so that sharp cut-off edges 
were observed in all the He I UPS spectra. 

In the present work, Ca, CsF, Al, Ag and ytterbium (Yb) were evaporated in the 
evaporation chamber using either tungsten baskets or tantalum cells. The amount 
of evaporants was monitored by a quartz crystal microbalance. It was calculated 
from the changes of the oscillation frequency of the crystal and in turn governed 
by the bulk densities of the evaporants where the densities of the Ca, CsF, Al, Ag 
and Yb are 1.55, 1.88, 2.70, 10.49 and 6.57 g/cm 3 , respectively [89]. For alkali 
metal deposition, a SAES getter source of Cs was installed in the evaporation 
chamber, where the source has been degassed thoroughly before deposition. 
The alkali metal deposition was carried out with a specific current for 45 s. 

High-resolution XPS of the Ca 2 p, Yb 4 d s/2 , Cs 3 d s/2 , F Is, Au 4 f 7/2 , S 2s, S 2 p, 
N Is and C Is core levels was performed with a pass energy of 20 eV and scanning 
step size of 0.05 eV. Part of the analysis was accomplished with a scanning step 
size of 0.1 eV, which will be specifically mentioned in the text. The amount of 
metal deposited in the present work was expressed either in terms of A or atomic 
percentage. The latter was estimated from the integrated intensities of the XPS 
peaks. 

The work function of the ITO substrate and ionization potential of the as-pre¬ 
pared polymer film were 4.9 eV and 5.7 ±0.1 eV, respectively. The work functions 
of the metals at different coverages on F8BT relative to that of the pristine poly¬ 
mer could be accurately measured by shifting the steep inelastic electron cut¬ 
off in the UPS He I spectra of the metal/polymer films so as to align with that 
of the as-prepared film. The shift values were recorded and they are exactly 
equal to the changes of the work function. Accordingly, interfacial dipole across 
the metal/polymer interface can be accurately measured. Angle-dependent XPS 
was also performed on selected samples to determine the distribution and thus 
diffusion of metals in F8BT. 

For device fabrications as described in Section 5.3 and 5.5, 30 Q patterned ITO- 
coated glass substrate was cleaned with Decon 90, rinsed in deionized water, then 
dried in an oven, and finally treated in an ultraviolet (UV) ozone chamber. The 
OLEDs were fabricated by thermal evaporation at a vacuum of 5 X 10“ 7 mbar. 
An additional capping layer of Ag (100 nm) was then evaporated on top of the 
metal cathodes. The deposition rates were monitored with a quartz oscillating 
thickness monitor and controlled to be 1-2 A/s for the organic materials and 
metals. The current density-voltage-luminance (J-V-L) characteristics were mea¬ 
sured simultaneously with a programmable Keithley model 237 power source and 
a Photoresearch PR 650 spectrometer. For lifetime tests, devices were encapsu¬ 
lated in a glove box filled with purified dry nitrogen (< 1 ppm 0 2 ). The initial lu¬ 
minance of the devices was measured using a Photoresearch PR 650 spectro¬ 
meter. The devices were tested at a constant direct current density of 20 mA/ 
cm and the relative light intensity of the devices was monitored using photo¬ 
diodes and continuously recorded using a computer-controlled data-acquisition 
system. All measurements were carried out in air at room temperature. 
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5.3 

Chemistry and Electronic Properties of Metal/F8BT 

The interfaces of F8BT with Ca and Cs are discussed in this section. Ca and Cs are 
chosen because Ca is commonly utilized as a cathode in PLEDs and the latter 
possesses a very low work function. We are interested in studying site specificity 
of the metal-doped system, by observing any formation of new chemical states 
with the carbon backbone, sulfur and nitrogen atoms of F8BT. We also demon¬ 
strate the differences of electronic structures of F8BT upon Ca and Cs doping. 
This aims at correlating the existing photoelectron spectroscopic results with 
the corresponding polymer devices. 

5.3.1 

Ca on F8BT 

Figure 5.7 shows the XPS spectra of S 2 p core level with increasing Ca doping 
concentration. The pristine F8BT film exhibits two peaks at binding energies of 

166.1 and 167.2 eV. This doublet with a separation of 1.1 eV corresponds to S 
2p 3/2 and S 2p 1/2 core levels, respectively [90]. It can be seen that their intensities 
drop with increasing dopant concentration. At 5.3 % Ca doping, two new chemical 
states emerge at binding energies of 161.2 and 162.3 eV that are considered as the 
doublet of calcium sulfide [91], and the energy separation between the S 2p 3/2 
(166.0 eV) and corresponding sulfide peak (161.2 eV) is 4.8 eV. This indicates 
that at the interface the metallic calcium transferred charges to the sulfur 
atoms of F8BT and most of the dopants were no longer in metallic states. The 
XPS spectra of N Is core level with different concentrations of Ca is depicted in 



Fig. 5.7 Evolution of XPS S 2 p spectra of F8BT 
with increasing Ca doping concentration in 
terms of atomic percentage. 
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Fig. 5.8 Evolution ofXPS N Is spectra of 
F8BT with different Ca concentration. 
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Fig. 5.8. The Nls core level at a binding energy near 399.8 eV progressively de¬ 
creases in intensity upon Ca deposition since the overlayer suppressed the photo¬ 
electron yields derived from the original F8BT, and at the same time a vague peak 
appears at a lower binding energy around 398.2 eV. This later peak is assignable 
to nitride [92] and in the present case it should be Ca-N covalent bonds. Unlike in 
the case of S 2 p, the peak related to the nitride does not grow proportionally with 
the dopant concentration and hence Ca only mildly interacts with the nitrogen 
atoms of F8BT. Since the doping concentration is relatively low in such a bulky 
polymer and other sulfur atoms or carbons in the polymer chain all compete 
for the incoming calcium, there are not enough Ca atoms to react with all the 
nitrogen atoms in the benzothiadiazole rings to form Ca-N covalent adducts. 

Illustrated in Fig. 5.9 are the XPS of C Is core level spectra of the pristine F8BT 
and Ca/F8BT with their enlarged shake-up features shown in the inset. The C Is 
main peak of the pristine F8BT is located at a binding energy of 284.9 eV and pos¬ 
sesses a FWHM of 0.98 eV. The FWHM in the present case is comparable with 
that in our previous study using PFO [93], indicating that the presence of S and 
N of the F8BT does not alter the intrinsic properties of the polymer. In all doping 
levels, no additional C Is peak associated with reacted carbons could be resolved 
since the fraction of carbons involved in the carbon-metal reaction was insignif¬ 
icant in such a bulky polymer. With Ca concentration increasing up to 5.3 %, the 
binding energy and FWHM of the C Is core level increase to 285.4 and 1.23 eV, 
respectively. The 0.5 and 0.25 eV increase in the binding energy and FWHM re¬ 
flects a charge transfer from Ca to C atoms, but the extent is not so significant 
compared to the case when a similar Ca doping level was incorporated into 
PFO [93]. In such a case, the binding energy and FWHM were increased by 
0.81 and 0.74 eV, respectively. Besides, two magnified satellite peaks at binding 
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Fig. 5.9 Evolution of XPS C Is spectra of F8BT 
with increasing Ca concentration. The Ca con¬ 
centration from the bottom to top is the same as 
that in Fig. 5.8. The two satellite peaks (peak 
jt*(1) and peak jt*(2)) are shown in the inset. 


energies of 288.5 and 291.0 eV of the pristine film in the present case are believed 
to be the shake-up peaks corresponding to ji to Jt*(l) and ji to Jt*(2) transitions, 
respectively. In the shake-up process, the valence electrons of the F8BT, i. e. elec¬ 
trons in the HOMO, are simultaneously excited to the lowest-unoccupied molec¬ 
ular orbital (LUMO) or unoccupied molecular orbital (UMO) states so that the 
transition of HOMO to LUMO and UMO (ji to jt*(l) and ji to Jt*(2) respectively) 
can be observed. In fact, peak Jt' A '(2) is commonly known as the shake-up peak for 
molecules with aromatic group and jt*(l) is for the phenylene chains [93]. Inter¬ 
estingly, the shake-up peaks do not change with increasing Ca concentration, in 
contrast to what was commonly observed at the Ca/PFO [93] and alkali-metal/ 
PFO interfaces [86]. The shake-up features in those interfaces were gradually 
broadened and decreased in intensities. In the present case, we suggest that 
the UMOs of the F8BT are unaffected by the Ca deposition. Combining all the 
results from S 2p, N Is, C Is core levels and its shake-up features of the XPS, 
it is evident that the Ca preferentially interacts with the S atoms of F8BT; however, 
the carbon backbone, especially the aromatic and phenylene chains, is involved 
little in chemical reaction. 

Figure 5.10 shows the He I UPS spectra of F8BT with increasing Ca concentra¬ 
tion, with alignment of all £ vac at the origin, i. e. binding energy of £ vac = 0 eV. The 
molecular orbitals of F8BT at higher binding energy are not depicted here. Vertical 
bars at the lower binding energy side indicate the Fermi level (£ f ) position refer¬ 
enced to Au. Accordingly, the ionization potential and work function of the pris¬ 
tine F8BT as determined from the bottom curve are 5.8 and 4.4 eV, respectively. 
With increasing Ca, the work function of Ca/F8BT gradually decreases and even¬ 
tually shifts to 2.8 eV at higher metal coverage. However, the overall spectral char¬ 
acteristics do not change significantly and no polaron or bipolaron states, which 
are expected in most doped polymers, could be identified. This implies that the 
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Fig. 5.10 Enl arged UPS He I spectra 
showing regions near the F8BT HOMO 
HOS and Fermi level (E f ) are located. 
The spectra of 2.0 A and 4.0 A of Ag 
deposited on top of 5.3% Ca/F8BT are 
depicted in the two topmost curves. 



Ca-doped interface of F8BT is somewhat different compared with other common 
light-emitting polymers such as PFO and poly(p-phenylene vinylene) (PPV) [59, 
64, 65]. These findings further confirm the XPS results that the added electrons 
originated from the Ca strongly localize at the sulfur sites of F8BT and have little 
effect on the carbon backbone. Ca then forms a stable interface with F8BT without 
significantly changing the electronic structures of the pristine polymer. 

The two topmost UPS spectra in the same figure show the interface between 
Ag and Ca/F8BT. It is to clarify, as a general expectation, that the Ag coverage 
does not interact with the underlying interface when Ag is utilized as an encap¬ 
sulating layer for the metal electrode in an actual device. Similarly, all the S 2p, 
N Is and C Is core levels acquired from the XPS spectra for films with the Ag 
coverage were also unchanged. These results are relevant to device fabrications. 
From the analytical point of view, it is not a principal issue to explain in detail 
and therefore we merely discuss some selected findings in Section 3.2 (Cs on F8BT). 

The He II UPS spectra of F8BT at different Ca doping level are shown in Fig. 
5.11, with alignment of all £ vac at the origin. Thick vertical bars in the three bottom 
curves denote the HOS positions of F8BT or Ca/F8BT and the bars pointing at the 
lower-energy region are the E f positions determined from the He I UPS spectra. All 
spectra are generally consistent with those in Fig. 5.10. Magnifying the spectra of 
the 4.0 and 5.3 % doped films (as shown in the inset), we can observe two weak 
peaks that are located in the former forbidden gap with binding energies of 3.3 and 
5.3 eV. The energy separation of 2.0 eV between these two peaks is similar to that of 
the bipolaron states in many common metal/PFO interfaces [86]. Nevertheless, it 
is unreliable to assign these two peaks as bipolarons because (i) the intensities of 
these peaks are trivial; (ii) they are unobservable in the enlarged He I UPS spectra; 
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Fig. 5.11 UPS He II spectra showing regions 
near the F8BT HOMO. HOS, Fermi level (E f ) 
and satellites are located. The satellites cor¬ 
responding to 4.0% Cs/F8BT and 5.3% Cs/ 
F8BTare enlarged and illustrated in the inset. 


and (iii) these may be satellites arising from the He 11(3 source with excitation 
energy of 48.4 eV, which has about 10.0 % intensity of the pristine He I la excitation 
line at 40.8 eV. The third reason becomes more important on the UPS results when 
the Ca concentration is sufficiently high in F8BT. In such a case, the absolute 
intensities of the He I la excited peaks from the alkyl side chains, which locate 
at 11.0-13.0 eV, are increased (Since the alkyl side chains do not affect the elec¬ 
tronic information, i. e. are not involved in the charge-transfer processes, it is im¬ 
material to show their spectra in the present study), thus intensifying the satellite 
peaks at an apparent binding energy of 7.6 eV (48.4-40.8 eV) lower. As a result, it 
may cause complications in the interface information at a binding energy below 6 
eV. We point out that care should be exercised in using He II UPS to obtain 
valence-band information near the low binding energy region at metal/polymer 
interfaces like metal/PFO and metal/F8BT. 

5.3.2 

Cs on F8BT 

XPS spectra of the S 2s core level of F8BT with different Cs doping concentrations 
are shown in Fig. 5.12. S 2s peaks are shown here instead of S 2 p core level be¬ 
cause the strong Cs 4p 3/2 peak located at a binding energy of 161.3 eV [92] may 
overlap with the sulfide peak at about 161.0-162.0 eV, which is the region of in¬ 
terest. The S 2s core level of the pristine film is positioned at a binding energy of 

230.3 eV. It can be seen that the main peak shifts to a higher binding energy with 
increasing Cs concentration. The shift is actually due to alteration of vacuum le¬ 
vels upon Cs deposition onto the polymer. With increasing doping level, the main 
peak and its intensity are broadened and increased, respectively. This is due to the 
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Fig. 5.12 Evolution of XPS S 2s spectra of 
F8BT with increasing Cs doping concentration 
in terms of atomic percentage. 



contribution of the photoelectron signal of the Cs 4s core level at the binding en¬ 
ergy of 232.3 eV [92]. However, it does not drown the predicted sulfide peak posi¬ 
tion since it is 5.0 eV away from the Cs 4s. A weak shoulder emerges at a binding 
energy of 226.7 eV when the Cs is 5.7 %. It is considered as a sulfide bond in an 
organometallic complex, e. g. Cs-S, since the approximate energy separation of 
4.8 eV between the S 2s (231.5 eV) and new shoulder (226.7 eV) is consistent 
with that observed in the S 2 p core level as mentioned earlier and the reproduced 
S 2s peak at the Ca/F8BT interface as shown in the topmost spectrum of Fig. 5.12. 
Although the metal doping levels are similar in the top two spectra, the capability 
to form sulfide in both cases is definitely different. In the case of Cs, it only reacts 
mildly with the sulfur group, Instead, it may chemically weaken the N double 
bonds connected to the aromatic backbone. This can be manifested in Fig. 
5.13, which shows the XPS spectra of the N Is core level with different nitrogen 
concentrations. With increasing Cs concentration to 10.5 %, in addition to a de¬ 
crease of intensities and a shift of binding energies of the N Is core levels, it is 
also clear that an extra component built up at a binding energy of 2.3 eV lower 
than the original N Is peak. The new peak becomes much stronger than the ori¬ 
ginal peak at a Cs concentration of 5.7% and entirely replaces it at 10.5 %. The 
energy separation of 2.3 eV between the original N Is core level and the new com¬ 
ponent indicates that the new peak is a nitride peak [92, 94]. This suggests that Cs 
would preferably bond to the N atom instead of the S atom in the case of Ca 
deposition. 

To investigate the effect of a Ag encapsulating layer in an actual device on the 
Cs/F8BT system and clarify the stability of Cs-N complexes with Ag encapsula¬ 
tion, XPS spectra of N Is core level as influenced by two selected Ag coverages 
on the Cs/F8BT after residual gases exposed at a background pressure of 
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Fig. 5.13 Evolution ofXPS N Is spectra of 
F8BT with different Cs concentration up to 
10.5 %. The spectra of 10.5 % Cs/F8BT film 
deposited with 0.5 and 6.5 A of Ag and the 
latter film exposed with residual gases at a 
background pressure of 2 X 10~ 9 mbar for 
12 h are shown in the top three curves. 


2 X 10“ 9 mbar for 12 h are shown in the top three spectra of Fig. 5.13. It can be 
seen that the affected core levels are unchanged in all the cases and they are also 
chemically stable against the residual gases. We also note that the nitride peak 
shifts 0.3 eV back to a lower binding energy for a Ag coverage of 6.5 A. It is under¬ 
standable since the Ag coverage, with a higher work function than Cs, would de¬ 
crease the vacuum level of the entire Ag/Cs/F8BT interfaces and hence shifts the 
entire XPS spectra to low binding energy region. 

Figure 5.14 is the XPS spectra showing the C Is core level of the Cs-doped F8BT 
and the enlarged shake-up peaks are depicted in the inset. The C Is main peak of 
the pristine F8BT is positioned at a binding energy of 284.9 eV and possesses a 
FWHM of 0.99 eV. The binding energy and FWHM of the C Is core level increase 
to 286.4 and 1.22 eV, respectively, when the Cs concentration is 5.7%. The in¬ 
crease of the FWHM illustrates that a charge transfer occurs from the Cs to C 
atoms. Nevertheless, the differences in chemistry between the Ca/F8BT and 
Cs/F8BT are not the only contributing factor to the energy shifts since these 
shifts, to a certain extent, are also work-function dependent. 

It can be seen from the inset that the shake-up peak at the higher binding en¬ 
ergy, which corresponds to the jt to jt*( 2) or HOMO to UMO transition, broadens 
and diminishes with increasing Cs concentration. This suggests that the UMO of 
the F8BT was affected and broadened by Cs deposition and the trend in the shake- 
up peaks is similar to that of Ca [93] and a number of alkali metals deposited on 
the PFO [86]. The other shake-up peak related to the ji to Jt*(l) transition at the 
lower binding energy, with an energy separation of 2.5 eV relative to the second 
shake-up peak and 3.6 eV to the C Is main peak, follows the same trend for Cs 
concentrations below 3.3%. At a Cs concentration of 3.3%, a new peak evolves 
at the first shake-up peak position. The energy separation of the new peak 
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Fig. 5.14 Evolution ofXPS C Is spectra of 
F8BT with increasing Cs coverage. The two 
shake-up peaks (peal<jr*(l) and peak jt*( 2)) 
and an extra peak that may be related to 
oxide, are depicted in the inset. 
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from the second shake-up peak and C Is main peak alters to 2.8 and 3.3 eV, 
respectively, though the second shake-up peak still keeps a separation of 6.1 eV 
relative to the C Is core level. At the same time, the intensity of this new peak 
gradually increases. This experiment has been repeated several times with the 
same results. It is still unclear whether the new peak corresponds to a new chem¬ 
ical state, extra shake-up peak or the original one with a modified structure. It 
may be the former because the Cs-F8BT complex can be easily oxidized due to 
the high reactivity of Cs. After the XPS and UPS analysis that took several 
hours, a new chemical state related to oxide at a binding energy of 3.3 eV higher 
than the original C Is main peak was observed. Similar chemical shifts as ob¬ 
served in many polymers support this scenario [95]. Since it could not be further 
substantiated from the Cs 3 d s/2 core level of the XPS because of the proximity of 
the binding energies between the reacted Cs and Cs 2 0 [92] and there is no con¬ 
siderable increase of oxygen level from the O Is peak, further work is needed to 
clarify the cause. 

Figure 5.15 shows the UPS He I spectra with increasing Cs coverage on F8BT. 
Three clear changes were observed. First, 0 of Cs/F8BT shifts to a lower binding 
energy of 2.2 eV at higher metal coverage. Secondly, a new electronic state evolves 
in the previously forbidden bandgap and a transition of one gap state to two gap 
states can be identified. The two electronic features emerging at Cs coverage high¬ 
er than 2.6 % are believed to be bipolaron states. One is at a lower binding energy 
near the Fermi level, while the other emerges clearly above the HOS of F8BT. The 
results are similar to those in the PFO films deposited with Ca [85] and different 
alkali metals [86], and the PPV films covered with Na [59, 64] and Rb [65]. Al¬ 
though Cs preferably interacts with N atoms in the F8BT, the evidences from 
the existing UPS spectra and behavior of shake-up peaks of C Is core level as 
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Fig. 5.15 Enl arged UPS He I spectra with 
increasing Cs coverage showing regions near 
the F8BT HOMO. HOS, Fermi level (E f ) and 
gap states are located. 


seen from the XPS C Is spectra shows that Cs also donates negative charges, in¬ 
duces two interbandgap states and broadens the HOMO of the polymer. However, 
the bipolaron formation may be detrimental to the radiative recombination of 
holes and electrons and result in luminescence quenching in the PLEDs, since 
any excitons approaching these gap states, or negative bipolarons, are likely to dis¬ 
sociate and contribute their holes to them [73, 96]. Thirdly, the energy difference 
between the two gap states is roughly constant at 1.8-2.0 eV, which is also similar 
in magnitude to those in the previous studies [59, 64, 65, 85-87]. The similar 
separation observed here indicates that confinement of charge carriers in F8BT 
is about the same as that in PFO and PPV [59, 66], and hence the phenyl rings 
in PPV, F8 and F8BT accept nearly the same charges. 

Combining all the results from the UPS, S 2 p, N Is, C Is core levels and its 
shake-up features of the XPS, it is manifested that Cs favorably interacts with 
the N atoms of the F8BT and at the same time it brings electronic modification 
to the polymer that may be undesirable in PLED fabrication. Our findings also 
suggest that the F8BT possesses two distinct interfaces when interacted with Cs 
and Ca, which have never been observed in the case of PFO. 

Before ending this section, the current density-voltage-luminance characteris¬ 
tics of two PLEDs using Ag/Ca (solid symbol) and Ag/Al/CsF (open symbol) as a 
cathode, respectively, with 40 nm of poly(3,4-ethylene dioxythiophene) (PEDOT): 
polystyrene sulfonate) (PSS) as a polymer anode and 100 nm of F8BTas a green- 
emitting layer are depicted in Fig. 5.16. The thickness of the Ca, CsF, A1 and Ag 
layers is 50, 5, 80 and 100 nm, respectively. The Al/CsF instead of Cs was used as 
the cathode since the role of A1 on CsF is known to release Cs into the polymer 
[80]. It can be seen that the Ca device shows much larger current density than the 
CsF/Al device, in contrast to the common belief that the lower work function of 
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Fig. 5.16 J-V-B 
characteristics of 
the devices ITO/ 
PEDOT:PSS (40 nm)/ 
F8BT (100 nm)/ 

Ca (50 nm)/ 

Ag (100 nm) 

(solid symbol) and 
ITO/PEDOT:PSS 
(40 nm)/ 

F8BT (100 nm)/ 

CsF (5 nm) / 

Al (8 nm)/ 

Ag (100 nm) 

(open symbol). 
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Cs (0 = 2.2 eV) more effectively injects electrons to the polymer layer than the Ca 
(0 = 2.8 eV). At an operating voltage of 8 V, the current density in the Ca device 
(60 mA/cm 2 ) is six times higher than that in the Al/CsF device (9 mA/cm 2 ), and 
the Ca device exhibits a luminance of 4000 cd/m and a current efficiency of 6.7 
cd/A compared to the corresponding values of 300 cd/m and 3.3 cd/A in the 
CsF/Al device. The results shown here using Ca as a cathode are analogous to 
those in another study [73]. 


5.4 

Role of Ytterbium and Ytterbium/Cesium Fluoride on the Chemistry of F8BT 

In this section, we discuss the interfaces of ytterbium (Yb)/F8BT, Yb/CsF/F8BT 
and Yb/CsF/Au. Yb is of interest since this rare-earth metal has a low work func¬ 
tion (0 = 2.6 eV) and a high negative heat of formation for its fluoride formation 
(A f H = ~ 1700 kj/mol [97]) compared to those of Al (0 = 4.3 eV, = -1510.4 kj/ 
mol [97]) and Ca (0 = 2.9 eV, Zl f H = -1228.0 kj/mol [97]). These features can not 
only enhance electron injection (in the case of Yb/F8BT) or facilitate metal fluor¬ 
ide dissociation (in the case of Yb/CsF/F8BT or Yb/CsF/Au), but also can form a 
stable alloy with Ag that is often used as an encapsulating layer on top of the 
cathode, i. e. Ag/Yb/F8BT or Ag/Yb/CsF/F8BT. CsF is chosen since the disso¬ 
ciated alkali metal itself has a low work function of 2.2 eV, which in principle 
further enhances the electron injection into the polymer. Though the configura¬ 
tion of CsF/metal could not be successfully applied to the F8BT device as men¬ 
tioned above, the use of F8BT in the present work allows us to examine the dis¬ 
sociation process directly by observing the changes of the N, S or C core levels of 
F8BT. Understanding the chemistry of these metal fluoride/metal interactions 
can also be useful for application to other OLED devices. Besides, it is worth in¬ 
vestigating the interface formation in the Yb/CsF/Au system to understand 
whether the dissociation of Yb/CsF is polymer dependent or not. 
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5.4.1 

Electronic and Chemical Properties at the Interface of Yb/F8BT 

The evolution of UPS He I spectra of F8BT with increasing Yb coverage is de¬ 
picted in Fig. 5.17(a), with alignment of £ vac at the origin. The valence structure 
of the pristine polymer is shown in curve a, and curves b to g correspond to 0.25, 
0.5, 1.0, 2.0, 4.0 and 6.0 A of Yb deposited on top of the F8BT. The molecular or¬ 
bitals of the F8BT at higher binding energy are not illustrated. The E f position and 
HOS are indicated by vertical bars. With increasing Yb coverage, the work func¬ 
tion of Yb/F8BT gradually decreases and eventually shifts to 2.6 eV at high Yb cov¬ 
erages. The intensity of the HOMO of F8BT also gradually decreases with doping, 
and it is largely swamped out at a Yb coverage of 6 A. At this coverage, a back¬ 
ground emission between binding energies of 3 to 7 eV consists of a residual in¬ 
tensity arising from the deformed HOMO that was also observed in the case of 
PFO doped with A1 [76], and Yb 4/core level which occurred at a binding energy 
of 3 eV above the E f [92]. Obviously, no doping induced gap states were observed 
at the Yb/F8BT interface, in contrast to the case when alkali metals were incorpo¬ 
rated into the same polymer. The corresponding spectrum is reproduced in the 
inset of Fig. 5.17a. The absence of bipolaron states in the present case, which 
is expected in most doped polymers, implies that the Yb-doped interface of 
F8BT is somewhat different compared with other common light-emitting poly¬ 
mers such as PFO and poly(p-phenylene vinylene) (PPV) [59, 64, 65]. 



Fig. 5.17 (a) Enlarged UPS He I spectra 

showing regions near the F8BT HOMO. The 
Yb coverage from a to g correspond to 0, 0.25, 
0.5, 1.0, 2.0, 4.0 and 6.0 A, respectively. Fermi 
level E f and HOS are located. The inset shows 
the same valence band regions on Cs/F8BT 



Binding energy (eV) 

(b) Evolution of UPS He II spectra of F8BT with 
increasing Yb coverage. The Yb coverage from 
a to g is the same as that in (a). The vertical 
bars pointing at the lowest binding energy side 
locate the E f positions, and peaks A to E cor¬ 
respond to different valence band features. 
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The UPS He II spectra of F8BT with different coverages of Yb are shown in Fig. 
5.17(b). The vertical bar pointing at the lowest binding energy of each curve repre¬ 
sents the E f positions. Peaks at position A and B, with energy of 1.55 eV apart, are 
attributed to the maximum of the HOMO and HOMO-1, respectively, derived 
from the delocalized Ji-sates of the phenyl backbone, which were also observed 
in other conjugated polymers like PFO and poly(p-phenylene), while C and D lo¬ 
cated at binding energies of 10.7 and 13.6 eV, respectively, in the pristine film in¬ 
dicate the valence band features originated from the alkyl side chains [58, 78]. 
With increasing Yb coverage, the HOMO and HOMO-1 intensities diminish gra¬ 
dually, and at the same time peak C and another new peak at position E emerge. 
The increase of peak C intensity together with the disappearance of peaks A and 
B implies that some of the Jt-bonds were broken upon Yb deposition. The destruc¬ 
tive behavior of Yb deposited on F8BT in the present case may also be the reason 
to account for the high operating voltage and low device efficiency of the poly(2- 
methoxy,5-(2’-ethyl-hexoxy)-l,4-phenylene-vinylene) (MEH-PPV) based LEDs 
using rare-earth metals such as Yb and samarium (Sm) as a cathode, which 
was previously reported by Parker [98]. The emergence of peak E is actually a 
combined intensity arising from the Yb 4/ and unresolved satellite peaks of the 
alkyl side chains (peaks C and D) due to the He II (3 source as mentioned earlier. 

To better understand the reactivity of Yb towards F8BT, the chemistry at the Yb/ 
F8BT interface was studied with XPS, and the corresponding S 2p, N Is and C Is 
core level spectra are shown in Fig. 5.18(a)-(c.) Curve a of Fig. 5.18 represents the 
S 2 p peaks of the pristine polymer and the remaining curves from (b) to (g) cor¬ 
respond to Yb coverage of 0.25, 0.5, 1.0. 2.0, 4.0, and 6.0 A, respectively. The pris¬ 
tine F8BT film exhibits a doublet at binding energies of 165.6 and 166.7 eV, which 
corresponds to S 2p 3/2 and S 2p 1/2 core levels, respectively [99]. A new doublet at a 
lower binding is evolved upon Yb deposition, and this can be clearly resolved into 
two chemical states with binding energies of 162.0 and 163.1 eV when the Yb is 6 
A thick. These two new peaks, with 1.1 eV apart and a 4.0 eV difference compared 
with the original S 2 p doublet, are related to Yb-S bonding [92]. Figure 5.18(b) 
depicts the evolution of N Is core level of the XPS spectra with different Yb cover¬ 
age. The N Is core level of the neat film is positioned at a binding energy of 399.7 
eV. With increasing Yb, a new peak at a binding energy of 1.6 eV lower than the 
main peak emerges. This is specifically for nitride [92] and in the present case it 
should be a Yb-N covalent bond. Unlike in the case of S 2 p, the peak related to 
the nitride does not grow apparently with the Yb coverage and hence the Yb 
merely mildly reacts with the nitrogen atoms in the benzothiadiazole rings to 
form Yb-N covalent adducts. 

The evolution of C Is core level of the XPS spectra of F8BT with increasing Yb 
coverage is illustrated in Fig. 5.18(c). Their enlarged satellite features are depicted 
in the inset. The C Is main peak of the pristine F8BT is located at a binding en¬ 
ergy of 284.7 eV and possesses a FWHM of 0.93 eV. With increasing Yb coverage 
to 6.0 A, the binding energy and FWHM increases to 285.4 and 1.39 eV, respec¬ 
tively. The higher shift of the C Is binding energy is derived from the decrease of 
the work function upon Yb deposition. Nevertheless, the 0.46 eV increase in the 
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Fig. 5.18 Evolution ofXPS (a) S 2 p, (b) N Is, 
and (c) C Is spectra of F8BT with increasing Yb 
coverage. The Yb coverage from (a) to (g) is the 
same as that in Fig. 5.32. In (c), the two satellite 
peaks (peaks A and B) are shown in the inset. 


FWHM is relatively large compared with that at the Ca/F8BT (0.25 eV) and Cs/ 
F8BT (0.23 eV) interfaces as mentioned in Section 5.3, assuring that the topmost 
coverage in all these cases is most likely the same. This may be due to either an 
immense charge-transfer process between Yb and F8BT or an emergence of a 
covalently bonded Yb-C complex. The XPS could not resolve the latter from 
the C Is core level since the fraction of carbons involved in the Yb-C reaction 
was insignificant in such a bulky polymer. However, the cause for the C Is broad¬ 
ening can be realized by correlating the two satellite features in the inset of Fig. 
5.18(c) as mentioned below and the corresponding UPS He I spectra as shown in 
Fig. 5.17(a). 
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From the inset of Fig. 5.18(c), the pristine film exhibits two magnified satellite 
peaks at binding energies of 288.4 and 291.2 eV. It can be seen that increasing the 
Yb coverage broadens and diminishes the satellite peaks, and eventually the one 
with a lower binding energy (peak B) disappears. These two satellite peaks at A 
and B are believed to be the shake-up peaks corresponding to ji to jt*( 1) and ji 
to jt*( 2) transitions, respectively. Detailed descriptions of this shake-up process 
can be found in the previous section. To recall this process in short, peak jt*(2) 
is known as the shake-up peak for molecules with aromatic group and Jt*(l) is 
for the phenylene chains. These XPS results suggest that part of the LUMOs of 
the F8BT, particularly the phenylene chains, is affected by the Yb deposition. It 
is still unclear whether the deterioration of the shake-up peak is due to an elec¬ 
tron transfer from the Yb to F8BT or a modification of the phenylene chains by 
forming Yb-C complexes. We consider that the former case is less likely since 
we could not observe any formation of new electronic states from the UPS He I 
spectra as shown in Fig. 5.17(a), which are often presented in other several metal/ 
PFO or metal/F8BT interfaces where charge-transfer processes are taking place. 
Combining all the photoemission results as mentioned here, it is evident that 
the Yb favorably and chemically reacts with the S atoms and phenylene chains 
of the F8BT, but interacts to a lesser extent with the N atoms. 

From an ‘ultrahigh-vacuurri point of view, direct utilization of Yb as a cathode 
in PLEDs may form an organometallic complex with the polymer backbone that 
can inhibit the charge-transfer process between the electrode and Ji-conjugated 
carbon. However, in an actual device fabrication environment, i. e. 10“ 6 mbar, 
the evaporated Yb may be in oxide states. Nevertheless, Yb should still be a prom¬ 
ising electrode when used in combination with metal fluoride giving the high ne¬ 
gative heat of formation typically found in rare-earth metals [97]. In the following 
sections, it is of interest to know that whether the Yb can dissociate the CsF in the 
presence of sputter-cleaned Au substrate and F8BT film. UPS spectra will not be 
presented since deposition of metal on top of CsF may induce charging due to the 
high photoelectron yield of Cs [80]. 

5.4.2 

Chemistry at the Yb/CsF/Au Interface 

Figure 5.19 shows the XPS spectra of Cs 3 d s/2 and F Is core levels with different 
coverages of Yb (1, 3 and 8 A) deposited on top of 6 A thick CsF/Au. The binding 
energy of Cs 3d peak of the neat CsF film is positioned at 724.4 eV with a FWHM 
of 1.73 eV. 1 A of Yb deposition immediately shifts the Cs 3 d s/2 core level to 726.3 
eV and increases the FWHM to 2.06 eV. The broadening of the Cs main peak in¬ 
dicates that a chemical reaction between the Yb and CsF occurs at the interface, 
resulting in two or more chemical states that could not be resolved from the XPS. 
The FWHM continuously increases to 2.78 eV with the Yb coverage, and even¬ 
tually an extra peak can be clearly resolved at the lower binding energy side. 
Similar shifts were also observed from the F Is XPS spectra as shown in Fig. 
5.19(b). It is interesting to note that the FWHM of the F Is first broadens to 
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Fig. 5.19 Evolution of XPS (a) Cs 3 d 5/2 and (b) FIs spectra on Yb/CsF/Au. The coverage of the 
CsF and Yb is indicated in the figure. 


1.55 eV at a Yb coverage of 1 A and then reduces to 1.39 eV at 8 A Yb coverage, 
while the binding energy of the main peak position increases from 682.7 to 686.1 
eV. The reason for the initial increase of the FWHM of the F Is is due to the 
existence of two chemical states, i. e. CsF and YbF 3 . The cause of the reduction 
at higher Yb coverages will be illustrated in the following paragraph. Besides, 
the Cs 3d 5/2 and F Is core levels shifting to higher binding energies are the results 
of decreasing 0 p upon deposition of Yb and charging, as mentioned earlier due to 
the Yb covered onto the Cs with a high photoemission cross section. Their com¬ 
bined effects possibly overshadow the 'actual shifts related to the chemical inter¬ 
actions between Yb and CsF. 

To obtain the 'actual chemical shifts, the differences of binding energies be¬ 
tween the Cs 3d 5/2 and F Is are recorded, as shown in Table 5.1. The binding en¬ 
ergy positions and FWHMs upon Yb deposition and the corresponding possible 
reaction products at each deposition step are also summarized in this table. For 
the pristine CsF film, the binding energy difference between the Cs and F 
peaks (zlCs-F) is 41.7 eV, which agrees very well with the typical value [92, 
100]. This validates the absence of chemical interaction at the CsF/Au surface. 
The 0.33 (2.06-1.73 eV) and 0.1 eV (1.55-1.45 eV) broadening of the Cs and F 
peaks, respectively, and alteration of the HCs-F to 40.5 eV for a 1-A deposition 
of Yb reflects an occurrence of chemical reaction that possibly gives the reaction 
products of dissociated Cs and YbF 3 . The zlCs-F remains in the range of 40.5 to 
40.7 eV upon Yb deposition. This illustrates that the final reaction products are 
most likely identical to the previous deposition steps. When the Yb is 8 A, the 
FWHM of the Cs 3 d s/2 continuously increases to 2.78 eV while that of F Is 
drops to 1.39 eV. This suggest that the CsF largely coverts to Cs and YbF 3 , and 
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Table 5.1 A summary showing (i) the binding energy position, 
(ii) the binding energy shift relative to the pristine CsF film (A) 
and (iii) the FWHM corresponding to the Cs 3d 5/2 and F Is 
core levels. The energy differences between the Cs 3d 5/2 and F 
Is (ACs-F) are recorded in each deposition step, and the 
corresponding possible reaction products are suggested. 


Amount of Yb deposited onto the CsF/Au (A) 
Energy (eV) 0 1 3 8 


Cs 3d 5/2 

724.4 

726.3 

726.8 

726.8 (725.4) 

xl 

N/A 

+1.9 

+2.4 

+2.4 (1.0) 

FWHM 

1.73 

2.06 

2.52 

2.78 

F Is 

682.7 

685.8 

686.3 

686.1 

A 

N/A 

+3.1 

+3.6 

+3.4 

FWHM 

1.45 

1.55 

1.46 

1.39 

ACs-F 

41.7 

40.5 

40.5 

40.7 (39.3) 

Possible reaction products 

CsF 

CsF, YbF 3 , Cs 

CsF, YbF 3 , Cs 

YbF 3 , Cs, (Cs 2 0) 


Note: 

(1) The positive sign means a higher binding energy shift. 

(2) The value in the brackets represents information from the extra 
Cs peak positioned at a lower binding energy as observed in 
Fig. 5.19(a). 


hence the YbF 3 dominates the spectral intensity related to the F Is core level. If a 
portion of the CsF is consumed, a similar reduction of the FWHM should be ob¬ 
served in the Cs 3 d s/2 core level spectra. However, we could not see such a de¬ 
crease since an extra peak grows up in the proximity of that of the metallic Cs 
at a lower binding energy of 1.4 eV. If the lower binding energy component of 
the Cs 3d 5/2 core level is utilized to determine the HCs-F, it becomes 39.3 eV. 
This new peak is mostly attributed to the Cs 2 0 as the dissociated Cs can be oxi¬ 
dized quickly even in vacuum. 

It can be seen that as little as 1 A of Yb can activate the CsF dissociation. This 
chemical reaction is driven by the large negative heat of formation of YbF 3 . Table 
5.2 summarizes the dissociation energy or heat of formation of CsF, YbF 3 and 
some representative metal fluorides commonly used in OLEDs. Based on a 
'bulk chemical reaction of M 1 + M 2 F —> M X F + M 2 and neglecting the changes 
of entropy energy, the free energy to form M 2 as the final product was estimated, 
as shown in the same table. It can be calculated that an exothermic reaction 
occurs upon Yb deposited on CsF, giving an overall heat of formation (A f H 0A ) 
of-9.4 kcal/mol (or -39.5 lcj/mol). This brings up a crucial point that the chem¬ 
ical reaction between the Yb and CsF takes place spontaneously, regardless of the 
type of substrates. Our calculation agrees well with the experimental results as 
mentioned earlier. Comparing to the case of A1 + 3CsF —> A1F 3 + 3Cs, which 
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Table 5.2 Heat of formations (single bond dissociation en¬ 
ergy), AfH 2 , corresponding to different metal fluorides [97] are 
shown. Based on a ‘bulk’ chemical reaction of IVf + M 2 F —> 
IVfF + M 2 and neglecting the changes of entropy energy, the 
overall heat of formations (or free energy to form M 2 ), A f H 0A> 
are estimated. 


M n 

M 2 F 

(4fH 2 , in kj/mol) 

MtF 

(JfH lf in kj/mol) 

Chemical reaction 

JfHoA 

(kj/mol) 

Yb 

CsF (-553.5) 

YbF, (-1700) 

Yb + 3CsF - 

YbF, + 3Cs 

-39.5 

Al 

CsF (-553.5) 

AlFj (-1510.4) 

Al + 3CsF - 

-4 A1F 3 + 3Cs 

+150.1 

Al 

LiF (-616) 

AlFj (-1510.4) 

Al + 3LiF - 

> A1F 3 + 3Li 

+337.6 

Ca 

LiF (-616) 

CaF 2 (-1228) 

Ca + 2LiF - 

CaF 2 + 2 Li 

+4.0 

Ca 

CsF (-553.5) 

CaF 2 (-1228) 

Ca + 2CsF- 

-» CaF 2 + 2Cs 

-121.0 


has an Af.H 0A of+35.9 kcal/mol (or +150.1 kj/mol), A1 + 3LiF —> A1F 3 + 3Li which 
has an A r H 0A of +80.8 kcal/mol (or +337.6 kj/mol) and Ca + 2LiF —> CaF 2 + 2Ca, 
which holds an A f H 0A of +1.0 kcal/mol (or +4.0 kj/mol), Yb is a promising elec¬ 
trode to assist the metal fluoride dissociation that leads to a better electron injec¬ 
tion to many small molecules or polymers in the OLEDs. Moreover, recent studies 
demonstrated that Li could be liberated from the Al/LiF on Alq 3 [101] but not on 
PFO [76]. These results further substantiate that the dissociation of Al/LiF is sub¬ 
strate dependent (e. g. the A f H OA is negative in a combined reaction of A1 + 3LiF + 
3Alq 3 —> A1F 3 + 3Li + Alq 3 “, while the reaction is endothermic in A1 + 3LiF + 3PFO 
—> A1F 3 + 3Li + PFO“), in contrast to that of Yb/CsF. 

However, it has to be pointed out that the predicted trends using the thermo¬ 
dynamic approach should be used with care. For example, it might not be able 
to consider the derivation caused by various experimental details such as the 
methods of preparing the thin films. To cite an example, an experimental study 
[80] showed that Cs could dissociate at the Al/CsF interface though the calculated 
free energy is endothermic. Therefore, the calculation based on the bulk thermo¬ 
dynamic data may overestimate the true free energy because the vapor-deposited 
species arrival on the surface are expected to be much more thermally reactive 
than that of the bulk components [101]. 

Another interesting finding based on the thermodynamic data is the low A f H 0A 
(-28.9 kcal/mol or -121.0 kj/mol) of the Ca/CsF system. The combined used of 
Ca and CsF should conceptually construct a novel cathode configuration in 
OLEDs. Our device studies in Section 5.5 have clarified this presumption. The de¬ 
vice performances are also dependent of other factors, e. g. they may be deterio¬ 
rated by exciton quenching that arise from the gap-state formation over a rather 
thick interface region due to the highly exothermic reaction between the Ca and 
CsF. 
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In order to understand the interface formation on the Yb/CsF/F8BT system, inter¬ 
face studies of Cs/F8BT and Yb/F8BT as shown in Sections 5.3 and 5.4 are com¬ 
pared. In short, it was found that the tendency to form sulfide and nitride in both 
cases is definitely different. For Cs/F8BT, the highly reactive Cs may not suffi¬ 
ciently destroy the rigid sulfur groups, but chemically weakens the N double 
bonds connected to the aromatic backbone. In contrast, the Yb preferably inter¬ 
acts with the S atoms. Therefore, by looking into the S and N sites on the Yb/ 
CsF/F8BT system by XPS, which will be mentioned in the following, two impor¬ 
tant events can be identified, i. e. dissociation of CsF and diffusion of Yb. 

Figure 5.20 shows the XPS S 2s, N Is and C Is spectra with increasing CsF and Yb 
coverage on F8BT. The curves in alphabetical order are the pristine F8BT film, the 
polymer film deposited with 2 A CsF, 6 A CsF, 1 A Yb/6 A CsF, 3 A Yb/6 A CsF and 
8 A Yb/6 A CsF. In the XPS spectra of S 2s and N Is, a step size of 0.1 eV was used 
so as to reduce the noise level, since the photoelectron signals related to the S and N 
may be submerged by the topmost layer of Yb. This does not seriously alter the 
spectral resolution as the peaks of interest, e. g. sulfide and nitride, are located at 
least 2 eV far away from the main peaks. However, the settings of the analyzer were 
still the same as those mentioned before (step size = 0.05 eV, pass energy = 20 eV) 
for the Cs 3 d s/2 , F Is, and C Is core levels, and their energy positions at each de¬ 
position step are recorded, as shown in Table 5.3. The possible reaction products 
are also suggested. In Fig. 5.20(a), it can be seen that the S 2s broadens and shifts to 
higher binding energy with increasing the CsF coverage. This does not imply a 
chemical interaction between the CsF and F8BT. As mentioned earlier, the photo¬ 
electron signal derived from the Cs 4s core level located at a binding energy of 232.3 
eV [92] and charging due to the high photoelectron yield of Cs may contribute to 
the spectral broadening and shifting, respectively. TheHCs-F equal to 41.7-41.9 eV 
(see Table 5.3) further verifies that the evaporant is still in a state of CsF, compared 
with that in a recent report [80]. Figures 5.20(a) and (b) present a distinct result 
when Yb/CsF was deposited onto the polymer, and two significant findings. 
First, a stable interface is observed from the S 2s spectra when 8 A of Yb was de¬ 
posited on top of the 6 A CsF/F8BT, as shown in Fig. 5.20(a). The 5.0 eV energy 
difference between the S 2s core level and the broadened small shoulder suggests 
that the new peak may correspond to the formation of Cs-S complex at a higher Yb 
coverage, since the energy separation as shown in Fig. 5.18(a) and Fig. 5.12 is 4.0 
and 4.8 eV for Yb-S and Cs-S, respectively. No strong component at a lower binding 
energy is seen, illustrating that the Yb does not diffuse deep into the polymer layer, 
which is in contrast to the case of Yb/F8BT (Fig. 5.18(a)) that a relatively large 
peak was found at a binding energy of 4.0 eV below the S main peak. This in 
turn suggests that the CsF layer can function as a barrier to stop the metal diffu¬ 
sion. Secondly, a clear evolution of a new peak at a lower binding energy in Fig. 
5.20(b) shows that the CsF was dissociated upon Yb deposition and hence Cs was 
liberated, based on the fact that the Cs could strongly interact with the N atoms in 
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Fig. 5.20 Evolution of XPS (a) S 2s, (b) N 
Is and (c) C Is spectra of F8BTwith different 
CsF and Yb coverage. The curves from a to f 
are the pristine F8BT film, the polymer film 
deposited with 2 A CsF, 6 A CsF, 1 A Yb/6 A 
CsF, 3 A Yb/6 A CsF and 8 A Yb/6 A CsF, 
respectively. The satellite peaks of the C Is 
are shown in the inset of (c). 


the F8BT as mentioned in Fig. 5.13. After the Yb deposition, the zlCs-F reduces 
from 41.7 to 39.9 eV. The change of the zlCs-F is entirely consistent with the case of 
Al/CsF/PFO [80] where the CsF was dissociated and A1F 3 was formed. 

From the inset of Fig. 5.20(c), we observe clearly the alternation of the shake-up 
features of the C Is core level upon CsF and Yb deposition. The CsF deposition 
does not affect the shake-up peaks, but 3 A of Yb immediately destroys one of 
them at a lower binding energy. This result is analogous to that obtained at the 
Cs/PFO and Cs/F8BT interfaces, indicating that the LUMO is broadened by 
the metal deposition by a charge-transfer process. Therefore, unlike the case of 
Yb/CsF/Au, the liberated Cs is not in the metallic state and instead it immediately 
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Table 5.3 A summary showing (i) the binding energy position, 
(ii) the binding energy shift relative to the pristine CsF or F8BT 
film (A) and (iii) the FWHM corresponding to the Cs 3d 5/2 , F 1 s 
and C 1 s core levels. The energy differences between the Cs 3d 5/2 
and F Is (ACs-F) are recorded in each deposition step, and the 
corresponding possible reaction products are suggested. 


Energy (eV) 

Amount of CsF or Yb deposited on 
(a) F8BT (b) 2 A CsF (c) 6 A CsF 

F8BT 

(d) 1 A Yb on b 

(e) 3 A on b 

(f) 8 A on b 

Cs 3^5/2 

N/A 

724.7 

724.9 

726.5 

726.5 

726.4 

xl 

N/A 

N/A 

+0.2 

+1.8 

+1.8 

+1.7 

FWHM 

N/A 

1.61 

1.66 

1.68 

1.71 

1.72 

F Is 

N/A 

682.8 

683.2 

686.1 

686.4 

686.5 

XI 

N/A 

N/A 

+0.4 

+3.3 

+3.6 

+3.7 

FWHM 

N/A 

0.87 

1.11 

1.92 

1.55 

1.53 

C Is 

284.8 

285.2 

285.4 

286.4 

286.4 

286.2 

Xl 

N/A 

+0.4 

+0.6 

+1.6 

+1.6 

+1.4 

FWHM 

0.96 

1.12 

1.22 

1.23 

1.24 

1.24 

xlCs-F 

N/A 

41.9 

41.7 

40.4 

40.1 

39.9 

Major 

reaction 

products 

F8BT 

CsF, F8BT 

CsF, 

F8BT 

CsF, YbF 3 , 

Cs-N, 

Cs + -F8Br 

YbF 3 ,Cs-N, 

Cs + -F8BT 

YbF 3 , Cs-N, 

Cs-S, 

Cs + -F8Br 


Note: The positive sign means a higher binding energy shift. 


reacts with the N atoms of the F8BT (to form Cs-N complex) and the polymer 
backbone (in the form of Cs + -F8EfT). Since the doped Cs is still in an ionic 
state, we could not observe an enormous change of the FWHM upon Yb deposi¬ 
tion onto the CsF layer. Comparing the FWHMs of the Cs 3 d s/2 in Table 5.1 and 
Table 5.3 that correspond to the liberated Cs in metallic (and also oxide) and ionic 
form, respectively, the former table gives a broadening of 1.05 eV (2.78-1.73 eV) 
and the latter shows a shift of only 0.06 eV (1.72-1.66 eV). 

It should also be noted that Cs-C complex was not formed in the case of Yb/ 
CsF/F8BT since we merely observed a 0.28 eV augment in the FWHM of the C 
Is (see Table 5.3), in contrast to the 0.46 eV as observed at the Yb/F8BT interface 
where the formation of the organometallic complex of Yb-C was expected. 


5.5 

Highly Efficient and Substrate-Independent Ytterbium/Cesium Fluoride Cathodes 

The above interface studies have demonstrated that the application of a bilayer 
cathode consisting of an ultrathin CsF and a Yb metal leads to the liberation of 
low (p m Cs (2.2 eV) metal atoms that would act as n-type dopants in the polymer 
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layer at the interface. In this section, the applications of this Yb/CsF bilayer cath¬ 
ode system for OLEDs based on both small-molecular and polymeric electron¬ 
transporting materials are discussed. The motivation is to verify that the CsF dis¬ 
sociation is a substrate-independent process and can be used in combination with 
most small-molecular or polymeric films. 

Figure 5.21 shows the organic materials used in this study; hole-transporting 
materials: a-napthylphenylbiphenyl diamine (NPB) or PEDOT:PSS, electron¬ 
transporting and light-emitting materials: tris-(8-hydroxyquinoline) aluminum 
(Alq 3 ), 9,10-di-(2-naphthyl) anthracene (DNA), and PFO. Three different types 
of devices covered with CsF/Yb/Ag were fabricated with configurations as follows, 
Set 1: ITO/NPB (72 nm)/Alq 3 (48 nm)/CsF (1.3 nm)/Yb (14.5 nm)/Ag (200 nm) 
ITO/NPB (72 nm)/Alq 3 (48 nm)/Yb (14.5 nm)/Ag (200 nm) 

ITO/NPB (72 nm)/Alq 3 (48 nm)/Mg:Ag (200 nm) 

Set 2: ITO/NPB (72 nm)/DNA (48 nm)/CsF (1.3 nm)/Yb (14.5n m)/Ag (200 nm) 
ITO/NPB (72 nm)/DNA (48 nm)/Mg:Ag (200 nm) 

Set 3: ITO/PEDOT:PSS (60 nm)/PFO (70 nm)/CsF (1.3 nm)/Yb (14.5 nm)/ 

Ag (200 nm) 

ITO/PEDOT:PSS(60 nm)/PFO(70 nm)/Ca(50 nm)/Ag(200 nm) 

Control devices with conventional Mg:Ag, Ag/Yb or Ag/Ca were also fabricated 
for comparison. Figure 5.22 shows the current density and luminance as a func¬ 
tion of operating voltage for the Alq r , DNA-, PFO-based devices, respectively. Fig¬ 
ure 5.22(a) shows the current density and luminance as a function of operating 
voltage for the devices. Apparently, the insertion of the CsF layer significantly im¬ 
proves the device performance. Both J-V and L-V curves shift to a lower driving 
voltage. For instance, the driving voltage at a current densities of 100 mA/cm 2 of 
devices with the Yb/CsF, Yb, and Mg:Ag cathodes are 7.15, 7.65 and 11.7 V, 
respectively. Similarly, the voltages to obtain a luminance of 1000 cd/m for the 



NPB PEDOT:PSS 

Fig. 5.21 Chemical structures of organic materials. 
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Fig. 5.22 J-V-L characteristics of devices using CsF/Yb/Ag (■) and conventional Mg:Ag or Ca/ 
Ag (•) cathodes with the following configurations: (a) NPB/Alq 3 , while the power efficiency and 
luminance as a function of current density is shown in (b); (c) NPB/DNA; and (d) PEDOT:PSS/ 
PFO. 

three devices are 5.55, 6.20 and 8.60 V, respectively. In addition, the turn-on 
voltage (defined as the voltage required to obtain a luminance of 1 cd/m ) for 
the device with the Yb/CsF cathode is reduced to 2.42 V, while that for Yb and 
Mg:Ag cathodes are at 2.95 and 3.75 V, respectively. 

A low device operating voltage can also be achieved by reducing the thickness of 
Alq3 layer; however, unavoidably, it will lead to a higher leakage current and a 
lower EL efficiency. In our present approach, the Alq 3 thickness is not reduced. 
Instead, a better electron-injecting cathode was used to reduce the device-operat¬ 
ing voltage. The current and power efficiencies of devices using the Yb/CsF, Yb 
and Mg:Ag cathodes are shown in Fig. 5.22(b). The efficiency of the standard 
Mg:Ag device is 2.88 cd/A or 0.61 lm/W, while that of the device using Yb cathode 
is 3.23 cd/A or 1.13 lm/W at a current density of 200 mA/cm 2 . The efficiency 
further increases to 3.45 cd/A or 1.27 lm/W for the device with Yb/CsF cathode. 

The DNA devices (set 2) give the expected blue emission at 448 nm. The device 
with the conventional Mg:Ag cathode exhibits poor electrical and optical charac¬ 
teristics, in which only a light output of 75 cd/m 2 and a current density of 70 mA/ 


Luminance (cd/m ) 























































210 


5 Metal/Polymer Interface Studies for Organic Light-Emitting Devices 


cm 2 can be achieved at 15 V (Fig. 5.22(c)), corresponding to a current efficiency of 
only 0.1 cd/A. Such poor performance is attributed to low electron affinity of 
DNA, resulting in a large electron injection barrier at the metal/organic interface 
(see discussion below). By employing the Yb/CsF cathode, device performance is 
dramatically improved. For example, a luminance of 2100 cd/m 2 and a current 
density of 350 mA/cm 2 were obtained at 15 V. The current efficiency increases 
by almost six times comparing with that of the device using the Mg:Ag cathode. 

Polymer-based devices (set 3) also demonstrate such significant improvement 
employing the Yb/CsF cathode system. Figure 5.22(d) shows that the operating 
voltage for devices drastically decreases when Yb/CsF cathode is used; while 
both the current and the power efficiencies increase, compared to those using 
the conventional Ag/Ca cathode. The above results illustrate that due to the libera¬ 
tion of the very low </> m of Cs (<p m of Cs, Mg and Ca are 2.2, 3.7 and 2.9 eV, respec¬ 
tively) via the dissociation of CsF at the metal/organic contact, the electron injec¬ 
tion barriers at either Yb/CsF/small-molecule or Yb/CsF/polymer interface are 
dramatically reduced, leading to an enhancement of electron injection and result¬ 
ing in a better balance of electron and hole currents at the emissive layer for 
achieving higher device efficiency. It should be noted that the CsF dissociation 
occurs spontaneously and exothermically upon Yb deposition, regardless of the 
types of substrates or organic media used. This gives strong evidence that the 
presented Yb/CsF cathode system can be applicable generally to all types of organ¬ 
ic media, either small-molecular or polymeric materials. 

A standard NPB/Alq 3 device with the presented Yb/CsF cathode also shows 
high operational stability. Figure 5.23 exhibits the operational stability of encapsu¬ 
lated device with a configuration of NPB/Alq 3 /CsF/Yb/Ag operated at 20 mA/cm 2 
and room temperature. The stability results for devices using Yb and Mg:Ag as 
the cathode are also shown for comparison. The initial luminance, L 0 , for the 


1.0 



Fig. 5.23 Electro¬ 
luminescence vs. 
operating time of 
standard NPB/Alq 3 
encapsulated device 
with a cathode of 
CsF/Yb/Ag, using dc 
driving at a constant 
current density of 
20 mA/cm 2 . L a va¬ 
lues are in cd/m 2 , 
and the time values 
are in hours. 
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Yb/CsF device is 500 cd/m 2 . The luminance of the device loses only about 33% 
after 1600 h. The reason behind this long lifetime may be attributed to the 
reduced oxygen diffusion at the Yb/CsF interface, which thus significantly sup¬ 
presses the degradation of devices and suppresses the growth of dark spots, as 
in the case of Al/CsF/PFO or Al/LiF/Alq 3 [80, 102]. 


5.6 

Conclusions 

In this chapter, we review our recent interface studies between F8BT and low 
work function metals. Through such studies, we show that the combination of 
XPS and UPS is a powerful approach for unveiling the electronic structure and 
chemistry of light-emitting polymers and metal/polymer interfaces. In Section 
5.3, we report that F8BT shows two distinct interfaces when contacting with Ca 
and Cs. From the UPS study, Ca formed a stable interface with F8BT without sig¬ 
nificantly changing the electronic structures of the polymer, which is in contrast 
to the Cs/F8BT interface where bipolaron states occurred in the previously forbid¬ 
den gap. XPS revealed that Ca covalently bonded with the sulfur atoms, whereas 
Cs preferably interacted with the nitrogen in the F8BT. These results are useful to 
account for the inferior device performance using CsF/Al as a cathode in the 
F8BT-based polymer light-emitting device. The results in Section 5.4 illustrate 
the use of low work function rare-earth metals in PLEDs. Direct deposition of 
Yb onto the polymer ruined the valence band features and formed organometallic 
complexes with sulfur and carbon atoms. The results show that the Yb may not be 
a good electron injector in the PLEDs. In additional to the device results in Sec¬ 
tion 5.5, we show that Yb/CsF is a promising electrode for both small-molecule- 
based and polymeric OLEDs, because of the negative heat of formation of YbF 3 
and substrate-independent dissociation. 
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6 

The Synthesis of Electroluminescent Polymers 

Andrew C. Grimsdale 


6.1 

Introduction 

Since the discovery by Holmes, Friend and coworkers of electroluminescence 
from conjugated polymers [1], there has been considerable industrial and aca¬ 
demic interest in electroluminescent polymers for use as the active materials in 
light-emitting devices (LEDs) [2, 3] or polymer lasers [4]. Obviously if one is to 
make commercially viable devices then one needs materials that can produce 
the desired emission colors, with high emission intensity and efficiency, and 
show good stability This presents a challenge to synthetic chemists to design 
and make polymers that meet these criteria. In particular the control of the emis¬ 
sion color, of the charge-accepting and transporting properties, which are impor¬ 
tant for optimizing device efficiency, and of electrical and optical stability, which 
are vital factors in determining device lifetimes must be addressed. In this chap¬ 
ter an overview is presented of the main methods by which the most important 
types of electroluminescent polymers can be prepared with an emphasis on 
how synthetic design can contribute to the meeting of the above-mentioned de- 
vice-performance criteria. Space does not permit a comprehensive review of all 
structures or methods, for which the reader is referred to existing reviews [2, 3], 
but instead representative structures and syntheses are shown. 


6.2 

Poly(arylene vinylene)s 

Poly(arylene vinyene)s (PAVs) represent the most widely studied group of electro¬ 
luminescent polymers. The parent compound poly(para-phenylene vinylene) 
(PPV, 1, Fig. 6.1) [5] is insoluble and so must be processed as a precursor polymer 
but derivatives such as MEH-PPV (2) [6] with solubilizing alkyl, aryl, silyl, or al- 
lcoxy chains show good solubility in organic solvents and so can be readily pro¬ 
cessed by techniques such as spin casting. By appropriate choice of substituents 
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Fig. 6.1 

Representative 

PAVs. 
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the emission color of PAVs can be varied between blue-green and red and even 
into the near infrared. The charge-accepting and transporting properties can be 
modified by incorporation of electron-withdrawing groups onto the ring as in 
3, or onto the vinylene moiety as in CN-PPV (4) [7], or by incorporating hetero¬ 
cycles instead of benzenes as in PPyV (5) [8]. 

There are four main routes to the synthesis of PAVs [9]: polymerizations via 
quinodimethane intermediates, polycondensations, transition-metal-mediated 
polycouplings, and metathesis polymerizations. Other methods such as chemical 
vapor deposition and electropolymerization have also been used on occasion but 
generally give poorer quality polymers. 

6.2.1 

PAVs via Quinodimethane Polymerizations 

These are the most widely used routes to PAVs. The first to be developed was the 
Wessling-Zimmerman route to PPV as shown in Scheme 6.1 [5]. Here the start¬ 
ing material is a p-xylenyl bis(sulfonium salt) 6, which on treatment with 1 
equivalent of base generates a quinodimethane 7, which then polymerizes to pro¬ 
duce the sulfonium precursor polymer 8. This is water soluble and can be used to 
make thin films that are thermally converted to the final films of PPV by heating 
at 220-250 °C under vacuum. Alternatively the sulfonium groups can be dis¬ 
placed by methanol to give the more stable methoxy-precursor 9, which requires 
a combination of heat and hydrochloric acid vapor for efficient conversion to 1. 

The mechanism of the Wessling polymerization has been the subject of consid¬ 
erable debate [10]. The intermediacy of the quinodimethane has been established 
by UV-Vis spectroscopy but there has been much disagreement as to whether the 
polymerization follows a radical or an anionic pathway. The presence of radical¬ 
trapping agents (including oxygen) has been shown to drastically reduce the 
molecular weight of the PPV formed which suggests that the dominant mechan¬ 
ism is radical [5, 11], but the formation of low molecular mass material by a com¬ 
peting anionic process cannot be totally excluded. 
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Scheme 6.1 Wessling-Zimmerman route to PPV 9 1 


There has been considerable effort devoted to optimizing the conditions for the 
polymerization and the final conversion step [2, 10]. The temperature for the con¬ 
version can be dramatically lowered to 100-115 °C by using a bromide [12] or a 
dodecylphenylsulfonate counterion [13] instead of a chloride. Performing the con¬ 
version under an inert atmosphere improves the optical properties of the PPV as 
traces of oxygen have been shown to induce formation of carbonyl defects during 
the conversion [14]. 

The Wessling sulfonium precursor route has also been used to make a variety 
of other PAVs, including MEH-PPV (2) [15] but in view of the environmentally 
undesirable properties of the sulfur reagents used (toxicity, stench) other routes 
are generally preferred for polymers other than PPV. 

A number of variations on the Wessling route using other sulfur-based leaving 
groups have been examined. Vanderzande and coworkers have developed a mod¬ 
ified Wessling procedure using a sulfinyl or sulfonyl precursor polymer 10 
(Scheme 6.2) [16-18]. The disadvantage of this route is that the synthesis of 
the monomer 11 is more complicated, despite recent improvements [19-21], 
but the final PPV is reported to possess fewer defects. Here also a radical mechan¬ 
ism has been demonstrated as leading to the high molar mass polymers [22]. 
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Scheme 6.2 Vanderzande sulfinyl precursor route to PPV 
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Xanthates have also been used as leaving groups in modified Wessling syntheses 
of PAVs [23-26]. 

By far the most popular method for making PAVs is the Gilch synthesis [27], 
illustrated in Scheme 6.3 for the synthesis of MEH-PPV (2). [28] Here a dihalo- 
methyl 12 monomer (both chloro- and bromo-monomers are used) is converted 
directly to the PAV by means of an excess of base. If only 1 equivalent of base 
is used a halo-precursor polymer can be obtained that is then convertible to the 
conjugated material by treatment with base or by thermal elimination in vacuum. 
Since the molecular weight of materials in Gilch syntheses can be controlled by 
addition of benzyl bromide as a chain stopper [29], or of 4-methoxyphenol, [30] 
a known anionic initiator, an anionic mechanism has been proposed, but the 
most recent study by Vanderzande and coworkers [31, 32] suggests that, as for 
the Wessling synthesis, the primary mechanism is a radical pathway, with only 
low molecular weight materials arising from anionic routes. 


OH 
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1. RBr, base q \ 


2. HCHO, HCI 
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Scheme 6.3 Gilch route to MEH-PPV (2). 



A related method for preparing PAVs with cyano and/or aryl substituents on 
the vinylene moieties was developed by Horhold and coworkers (Scheme 6.4) 
[33, 34]. Here a benzophenone 13 is converted to a gem-dichloride 14, which 
then undergoes base-induced self-condensation to produce the polymers 15. 


O 





13 R - H, CN, C 6 H 5 14 R = H, CN, C 6 H 5 15 R = H, CN, C 6 H 5 

Scheme 6.4 Horhold route to PPVs with substituents on the vinylene. 


There are two major limitations to the quinodimethane-based polymerization 
methods for making PAVs. First they do not work for all aromatic systems. For 
example poly(9,10-anthracenyl vinylene) (16) cannot be made by these routes as 
the quinodimethane 17 does not polymerize (Fig. 6.2). [35] A study by Garay 
et al. [36] determined that the polymerizability of an arylene bissulfonium salt 
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21 


17 

Fig. 6.2 PAVs from quinodimethanes with different degrees of polymerizability. 


was determined by the enthalpy of formation of the quinodimethane intermedi¬ 
ate, thus enabling one to successfully predict whether a given structure was acces¬ 
sible by the Wessling route. The yield of the reaction is also dependent upon the 
properties of the quinodimethane. Thus the yield and molecular weight of the 
2,6-naphthalene polymer 18 are much lower than for the 1,4-naphthalene poly¬ 
mer 19 made under the same conditions. This is explained by the quinodi¬ 
methane 20 being less stable than 21 due to the loss of aromaticity in the former 
and its retention in the latter [37]. 

A second problem is that the formation of defects that lower the emission effi¬ 
ciency is intrinsic in the polymerization process due to nonregular coupling of the 
quinodimethane intermediates, as illustrated in Scheme 6.5 for the Gilch synth- 
esis. This has been demonstrated by NMR studies on a C-labelled PPV deriva¬ 
tive, in which the ethyne and ethane moieties could be detected in 1.5-2. 2% 
amount [38-40]. By appropriate choice of substituents the levels of these defects 
can be minimized to obtain high-efficiency polymers [41]. 
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Scheme 6.5 Formation of defects during Gilch synthesis. 
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6.2.2 

PAVs via Polycondensations 


Both Wittig and Horner condensations of arylbisaldehydes (22) with, respectively, 
aryl bisphosphonium salts (23) and bisphosphonates (24) have been used to make 
PAVs (Scheme 6.6). One advantage of these methods is that alternating copoly¬ 
mers (25) are accessible that could not be made by the quinodimethane methods. 
The polymers so obtained are generally of much lower molecular weight than the 
materials obtained from the Gilch route, but lack the ethane and ethyne defects 
discussed above and so may show better optical properties. Comparative studies 
have shown the Horner condensation to be the superior method as it produces 
higher molecular weight materials with virtually all the double bonds being 
trans, whereas the Wittig condensation results in a high proportion of ds-vinylene 
units, so that the latter material has poorer optical properties [42-44]. Horhold 
and coworker [45] have used a Horner polycondensation route to prepare MEH- 
PPV (2) that is much more soluble than the material obtained by the Gilch 
route, due to its lower molar mass, but whose EL and PL properties match 
those of the higher mass polymer. 



R 3 

tf-N, 

r 4 

23 X= PPh 3 CI 

24 X = PO(OR )2 


KO ‘Bu 


Scheme 6.6 Wittig and Horner routes to PAVs. 



PAVs with nitrile substituents on the vinylene moieties can be prepared by 
Knoevenagel condensation of a dialdehyde 26 with a bisnitrile 27 as illustrated 
for the synthesis of CN-PPV (4) in Scheme 6.7 [7]. Both monomer components 
are readily prepared from the bischloromethyl compound 28 otherwise used as 
a monomer for a Gilch synthesis. Here also, molecular masses are lower than 
from Gilch synthesis. 
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Scheme 6.7 Synthesis of CN-PPV by Knoevenagel 
polycondensdation. 


26 


















































6.2 Poly(arylene vinylenejs 

6.2.3 

Heck Coupling and other Transition-metal-mediated Methods 

Heck coupling of a dihaloarene with a divinylarene offers a direct route to PAVs, 
either homopolymers or alternating copolymers. As with the condensation meth¬ 
ods discussed above, the molecular weights are generally lower than those obtain¬ 
ed by the Gilch route, but the materials are relatively defect free. Examples of ma¬ 
terials made by this method are the copolymer 29 with ortko-phenylene units 
made using a l,2-dialkoxy-4,5-diiodobenzene, [46] the regioregular poly(2-dodecy- 
cloxyphenylene vinylene) (30) obtained by self-polymerization of the vinylbromo- 
benzene 31 [47], and the pyrazine-containing copolymer 32, prepared from a 
bis(4-bromostyryl)pyrazine [48]. All of these would be difficult or impossible to 
synthesize by previously discussed methods. 
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Fig. 6.3 PAVs made by Heck coupling. 
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Stille coupling of haloarenes with bisstannyl ethene has occasionally been used 
to make PAVs, but the yields and molecular weights are usually low. Swager and 
coworkers utilized it to make PPyV (6) in both regiorandom and regioregular 
forms (Scheme 6.8) [8]. Coupling a 1:1 ratio of the halide 33 and stannane 34 pro¬ 
duces regiorandom 6. If a twofold excess of 33 is used then coupling occurs pre¬ 
ferentially at the 2-position to give 35 that upon reaction with more 34 produces 
the head-to-head polymer 36. The head-to-tail polymer 37 was obtained by selec¬ 
tive coupling of a vinylstannane with the 2-position of 33, followed by Heck 
homocoupling of the resulting 2-vinyl-5-bromopyridine 38. 
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Scheme 6.8 Synthesis of regiorandom and regioregular PPyV 
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Scheme 6.9 McMurry and Horhold condensation routes to PAVs with two aryl groups on the 
vinylene moieties. 


Low-valent transition-metal reagents have been used to make PPVs with two 
aryl substituents on the vinylene units. Thus Feast and coworkers [49,50] used 
McMurry coupling of the bisketone 39 to make the polymer 40 with a 1:1 ratio 
of cis:trans double bonds (Scheme 6.9). This high amount of ds-bonds is a prob¬ 
lem with the McMurry method. The Horhold group have utilized a Cr(II) reagent 
to reductively couple the bis (gem-dihalide) 41 (prepared from the diketone using 
phosphorus pentachloride) to produce similar polymers 42 [51, 52]. These 
methods generally give much lower molecular weights than the Gilch method, 
but are useful for making otherwise inaccessible structures. 

6.2.4 

PAVs by Metathesis Polymerization 

Two types of methathesis polymerization have been used to make PAVs. Thorn- 
Csanyi and coworkers have used transition-metal-mediated metathesis of divinyl- 
benzenes to make alkyl- and alkoxy-substituted PPVs, but the products are pri¬ 
marily oligomers [53,54]. 

Ring-opening metathesis polymerization (ROMP) has been used to make 
precursor polymers to PAVs as shown in Scheme 6.10 for the synthesis of poly 
(naphthalene vinylene)s 43 by Grubbs and coworkers [55, 56]. ROMP has also 



R = alkyl, X=H, F, Cl 


R = alkyl, X= H, F, Cl 


L 1 = CMe 2 Ph, l_ 2 = NC 6 H 3 Me 2 , L 3 = OCMe(CF 3 ) 2 

Scheme 6.10 Synthesis of soluble PNVs by ROMP 


43 R = alkyl, X = H, F, Cl 
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been used to make precursors to PPV [57, 58]. The advantage of ROMP is that it is 
a living polymerization method, which permits very precise control of the molec¬ 
ular weight of the polymer and is also applicable to synthesis of block copolymers. 
The disadvantages are that the monomers required may be difficult to prepare, 
and it cannot be used for a direct synthesis of PAVs. 

6.2.5 

Structure-Property Relationships in PAVs 

The emission color and efficiency of PAVs is primarily affected by two structural 
elements - the effects of substituents, and the degree of conjugation along the 
backbone. Intermolecular effects such as aggregation of polymer chains in the 
solid state can also affect the emission spectrum (aggregation generally produces 
a red-shift) as well as the photoluminescence efficiency (aggregation tends to 
enhance nonradiative decay pathways). 


6.2.5.1 Substituent Effects on Emission Color of PPVs 

Unsubstituted PPV (1) is a yellow-green emitter with emission maxima at 520 
and 551 nm [1]. Attachment of allcoxy groups leads to a red-shift in the emission 
so that the 2-methoxy derivative 44 is a yellow emitter (A max = 550 nm) [59], and 
a 2,5-diallcoxy derivative such as MEH-PPV (2) displays orange-red emission 
(A max = 603, 650 nm) [6]. The size and position of the substituents affects the 
chain packing and thus the luminescence efficiency. Bulkier side-chains reduce 
the efficiency of nonradiative decay pathways due to interchain interactions and 
so increase the PL and EL efficiency [60]. Such interactions can lead to the forma¬ 
tion of aggregates that produce a red-shift in the solid-state emission, as has been 
demonstrated for MEH-PPV (2) [61,62]. Extremely large substituents as in 45 
seem to dilute the semiconducting properties of the polymer, and so reduce the 
EL efficiency [63]. Steric effects also produce a blue-shift in the emission maxi¬ 
mum (A max = 567 nm) of 45 due to out-of-plane twisting of the polymer backbone 
to reduce the steric interactions between the cholestanyloxy groups that reduces 
the effective conjugation. [63] Similar steric effects explain why green emission 
is observed from 2,3-dialkoxy-derivatives such as 46 (A max = 530 nm) or 47 
(A max = 513 nm), and why the PL efficiency of 46 is notably higher than for 2 
(40% cf. 15-20%) [64, 65]. 



n 


Fig. 6.4 Alkoxy-substituted PPVs. 
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48 


Fig. 6.5 Alkyl, aryl and 
silyl-substituted PPVs. 
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Unlike alkoxy groups, alkyl, aryl and silyl groups do not induce a red-shift in the 
emission so that for example, BuEH-PPV 48, [63] PPPV 49 [66], and DMOS-PPV 
50 [67], are all green-emitting polymers. The increased steric bulk of the 2,3-phe¬ 
nyl groups in 51 and 52 produces a marked blue-shift in the emission so that 
these materials show blue-green EL (A max = 500 and 490 nm, respectively). A 
group at Covion have shown that 2-phenyl-PPVs made by the Gilch route have 
much higher defect levels and thus shorter device lifetimes than 2,5-dialkoxy- 
PPVs, but that monomers bearing both aryl and alkoxy substituents produce 
much lower defect levels [37,39]. The copolymer 53 (2 max = 548-575 nm depend¬ 
ing upon m:n) thus displays the longest device lifetimes of all reported PPV deri¬ 
vatives [39]. 

The effect of substituents on the vinylene unit depends upon their steric bulk, 
so that the cyano groups in CN-PPV (22) seem to have no effect upon the position 
of the emission maxima, whereas the bulky aryl substituents in 40 or 42 produce 
a marked blue-shift. 


6.2.5.2 Controlling Emission Color via the Degree of Conjugation in PPVs 

An obvious way to control the emission color from a conjugated polymer is to 
control the conjugation length of chromophores within it, by the introduction 
of units that disrupt the conjugation, and so induce a blue-shift in the emission 
color. For example meta-phenylene units as in 54 break the through conjugation 
so that the emission maximum is at 490 nm as compared with 550 nm for the 
all-para copolymer 55. The ortho-phenylene units in 56 also produce a blue- 
shift (2 max = 500 nm), but in this case it is because of out-of-plane twisting of 
the backbone due to steric interactions between the ortho-substituents rather 
than an interruption of through conjugation [68]. 
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54 R>|, R 2 = alkyl 


55 R^ R 2 = alkyl 


56 R 1: R 2 = alkyl 


Fig. 6.6 PAVs with meta-, para - and ort/?o-phenylene units. 


Another way to control the conjugation length is to deliberately introduce non- 
conjugated units into the polymer chain. This is readily done in precursor-poly¬ 
mer synthesis, e. g. Wessling synthesis, by selectively replacing some of the sub¬ 
stituents on the precursor with groups, e. g. acetates that will not eliminate to give 
the vinylene double bond under the standard conversion conditions. This has 
been performed by a variety of methods and shown to be an efficient way to con¬ 
trol the emission color of PPV [69] and allcoxy-PPVs such as MEH-PPV [15]. The 
presence of a small fraction of nonconjugated units enhances the EL efficiency 
due to exciton confinement, while high levels of nonconjugated units reduce 
the efficiency due to poorer charge transport. Partial replacement of the sulfo- 
nium groups with methoxy groups has also been used as a way of patterning 
films of a dialkoxy-PPV/PPV copolymer (Scheme 6.11) [70]. Methoxylation occurs 
preferentially at sites adjacent to the dialkoxaphenylenes to produce a copolymer 
57 with methoxy groups next to all dialkoxyphenylene units and sulfonium 
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groups next to most phenylene units. When a film of 57 was heated under a mask 
the areas under the mask underwent complete elimination as the HC1 produced 
was trapped under the mask where it induced elimination of the methoxy groups 
to give a red-orange emitting copolymer, whereas in the unmasked areas only 
elimination of the sulfonium groups occurred to produce a blue-green emitting 
material. 


6.2.5.3 Effect of the Aryl Croup on the Emission from PAVs 

The emission color of PAVs depends crucially on the nature of the arylene unit. 
Replacement of a phenylene with an oligophenylene unit produces a blue-shift 
in the emission, e. g. the poly(pentaphenylene vinylene) 58 is a blue emitter 
(A max = 446 nm) [71], while heterocycles induce red-shifts. This is particularly 
marked in the case of thiophene so that the polymer 59 actually emits in the 
near-infrared (A max = 740 nm) [72]. The picture with fused polycyclic aromatics 
is more complicated with the 1,4-naphthalene 19 [73] and 9,10-anthracene 60 
[74] polymers both being markedly red-shifted in emission compared with PPV 
(1), while the 2,6-napthalene 18 [75] and 3,6-phenanthrene 61 [58] materials are 
slightly blue-shifted. 
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Fig. 6.7 PAVs with units other than benzene 
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6.2.5.4 Substituent Effects on Charge Injection 

Most conjugated organic materials are better hole acceptors than electron accep¬ 
tors, i. e. they are more readily oxidized than reduced. Thus to obtain efficient EL 
emission a low work function cathode such as calcium is required, which leads to 
problems as such materials are sensitive to air and moisture. The use of charge¬ 
transporting layers is one solution to this. Another approach is to improve the 
electron affinity of the material, by incorporating electronegative heteroatoms 
or substituents. Thus PPV derivatives such as 3 [76] or 4 [7] bearing electron-with- 
drawing groups, or 5 [8] or 29 [48] containing heterocycles, display better electron- 
accepting properties, and often higher device efficiencies, than PPV. 
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Poly(arylene ethynylene)s (PAEs, 61) [77] are more rigid than PAVs and show a 
greater tendency towards aggregation, which produces marked red-shifts in 
their solid-state luminescence. They have been less utilized in LEDs than PAVs, 
largely due to the lack of good-quality polymers. Two routes (Scheme 6.12) 
have been used to prepare them: Hagihara-Sonogashira coupling and allcyne me¬ 
tathesis. The former involves the polycoupling of an aryldiyne 62 with a dihaloar- 
ene 63 - either bromo or iodoarenes can be used with the latter being much more 
reactive. The advantages of this method are the wide range of substrates it is ap¬ 
plicable to, and the ability to make alternating copolymers. Disadvantages are the 
need for exact stoichiometry to obtain high molecular weight, the presence of 
potentially fluorescence-quenching halogens as endgroups, and the formation 
of diyne defects due to allcyne homocoupling. Much of the early materials 
made by this route were of poor quality, leading to inefficient EL emission. 
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Scheme 6.12 Synthesis of PAEs. 
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The metathesis procedure has been developed by Bunz [77] and has the advan¬ 
tage of producing defect-free materials with well-defined endgroups. These mate¬ 
rials are of much higher quality than those from the polycoupling method and so 
produce better results in LEDs. The disadvantages of this method include the 
greater experimental difficulty, which it is not applicable to all alkynes, and that 
it is useful only for homopolymers or statistical copolymers. 

The substituent effects in PAEs match those seen in PAVs [77]. Most PAEs in¬ 
vestigated to date have been poly(p-phenylene ethynylenes) (PPEs) with allcoxy- 
(red-orange emitting) or alkyl substituents (green emitting). Blue emission has 
been seen from PPEs with meta - or ordzo-phenylene units [78,79], or with 
bulky substituents that reduce interchain interactions [80]. 
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6.4 

Polyarylenes 

Polyarylenes form the second most studied group of electroluminescent poly¬ 
mers. The most important classes are polyphenylenes, e. g. poly(para-phenyle- 
ne)(PPP, 64) [81], which are of particular importance as blue-emitting materials, 
and poly(3-allcylthiophene)s (P3ATs, 65), [82] which are generally orange-red emit¬ 
ters. Polymers containing nitrogen-heterocycles, e. g. poly(2,7-carbazoles) (66) 
[83], are of interest because of their better charge-transporting properties. By con¬ 
trolling the steric interactions between substituents the planarity of the polymer 
main chain and thus the degree of conjugation and the emission color can be con¬ 
trolled. In P3ATs the degree of head-to-tail (HT) coupling (regioregularity) of the 
thiophene units is thus important in determining the polymer properties [82]. For 
polyphenylenes the planarity of the polyphenylene backbone can be controlled by 
means of methine bridges e. g. in ladder-type PPP (67) [84]. The use of copoly¬ 
mers enables one to tune the properties by incorporating low-bandgap units as 
in the green-emitting copolymer 68 [85], while charge transport can be controlled 
by incorporation of charge-transporting units, e. g. oxadiazoles or triarylamines, 
either within the main chain (69) [86] or as side chains (70) [87]. 

A wide variety of synthetic methods have been used to prepare polyarylenes [9]. 
The main methods are arene couplings that fall into three classes: oxidative cou¬ 
plings, reductive couplings, and transition-metal-mediated crosscouplings. Pre¬ 
cursor methods are used for the insoluble PPP, while polymers containing hetero¬ 
cycles such as oxadiazoles or quinolines can be made by efficient polymer analo¬ 
gous heterocyclic synthesis reactions. One advantage of polyarylenes over PAVs is 
these synthetic methods generally preclude the incorporation of defects that are a 
major problem with many of the routes to PAVs. 



67a R 1 = alkyl, R 2 = H 

64 65 R = alkyl 66 R = alkyl 67b R 1 = alkyl, R 2 = CH 3 
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Fig. 6.8 Some representative polyarylenes. 
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Oxidative coupling of 3-alkylthiophenes with iron(III) chloride to give soluble 
poly(3-allcylthiophene)s (P3ATs, 65) (Scheme 6.13) was introduced by the group 
of Wegner [88]. Since then it has been used to make a wide range of substituted 
polythiophenes. This method, however, produces regiorandom polymers with a 
proportion of 2,5- (head-to-tail, HT) coupling of between 52 and 80% depending 
upon the reaction conditions and the substrate [89, 90]. Andersson and coworkers 
[91] have shown that oxidation of 3-arylthiophenes 71 in which the aryl substitu¬ 
ent stabilizes the 2-cation and hinders 2,2-coupling by its bulk produces regiore- 
gular (94% HT) polymers 72. While the oxidative coupling of thiophenes pro¬ 
duces good yields and high molecular weights, generally only low molecular 
weight polymers are obtained from oxidation of other aromatic materials. 
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R = alkyl 


Scheme 6.13 
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HT = 52-80% 
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Polythiophenes by oxidative polymerization. 


6.4.2 

Reductive Coupling of Arenes (Yamamoto Coupling) 

The reductive coupling of arenes is one of the most important methods for pre¬ 
paring polyarenes. A number of methods have been used, but the most widely 
used is that developed by Yamamoto [92] using bis (cyclooctadiene)nickel(0) 
(Ni(COD) 2 ) and 2,2'-bipyridyl as illustrated in Scheme 6.14 for the synthesis of 
a polyfluorene 73 [93]. 
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This coupling is usually performed using dibromoarene monomers but chloro- 
and iodo- monomers can also be used. Percec and coworkers have prepared poly¬ 
phenylenes by nickel(O) coupling of bistriflates and bismesylates [94, 95]. A disad¬ 
vantage of the Yamamoto procedure is that the expensive nickel reagent must be 
used stoichiometrically but other procedures using inexpensive nickel(II) and a 
reducing agent such as zinc do not give as good results [92]. Limitations of this 
method are that it can only be used for homopolymers or statistical copolymers 
and that it is incompatible with some functional groups, e. g. alkynes that bind 
to (and thus deactivate) the reagent. 

6.4.3 

Transition-metal-mediated Crosscoupling Reactions 

Transition-metal-mediated crosscoupling reactions are the most important and 
widely used methods for coupling arenes [96] so that it is natural that they 
have become equally important for the synthesis of polyarenes. All of the 
major crosscoupling reactions have been used in polymerizations, but the most 
important is Suzuki coupling, which generally gives the highest yields and molec¬ 
ular weights. Other methods such as Stille coupling generally give much lower 
yields and molecular weights than Suzuki polycondensation, but Kumada and 
Negishi coupling are used for the synthesis of high molecular weight regioregular 
polythiophenes. 


6.4.3.1 Suzuki Polycondensation 

Suzuki polycondensation [97] is the most widely used method for making polyar¬ 
enes. Two variations are used: AB coupling and AA-BB coupling, which are illus¬ 
trated for the synthesis of polyphenylenes in Scheme 6.15. In the former a mono¬ 
mer 74 containing one boronic acid and one halide functional group is self-con¬ 
densed to give the homopolymer 75. Statistical copolymers are also possible by 
this route. In the latter a bisboronate 76 is condensed with a bishalide 77 to pro¬ 
duce a polymer 78 that may be either a homopolymer (R 1 = R 2 ) or an alternating 
copolymer (R lf R 2 different). The main problem with the AA-BB method is that 
an exact 1:1 stoichiometry of the two components is required to obtain high mo¬ 
lecular weights that can be difficult to achieve experimentally. On the other hand 
the monomers 76 and 77 are generally much easier to prepare and purify than 74. 
For this reason, the AA-BB method is the more widely used. Since deboronation 
can be a problem with electron-rich systems such as thiophenes, usually such 
units are used as the dihalide in Suzuki polycondensations. 

An excellent example of the use of Suzuki polycondensation is the synthesis of 
ladder-type PPPs (67) (see Scheme 6.16) [84]. A precursor polymer 79 is prepared by 
AA-BB coupling and then converted to the ladder polymers by polymer analogous 
reactions. Reduction followed by ring closure with boron trifluoride produces 
a polymer (67a) with bridgehead hydrogens, while addition of methyl lithium in¬ 
stead of reduction leads to Me-LPPP (67b) with methyls at the bridgeheads. 
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Scheme 6.15 Suzuki polycondensation by AB (above) and AA-BB (below) methods. 
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Scheme 6.16 Synthesis of ladder-type PPPs. 


6.4.3.2 Regioregular Polythiophenes by Crosscoupling 

Efficient routes (Scheme 6.17) to regioregular P3ATs 65 (HT >98%) were devel¬ 
oped almost simultaneously by McCullough [98, 99] and Rielce and coworkers 
[100,101]. The former used a regioselective metal-halogen exchange to make 
the thienyl Grignard 80 that underwent Kumada coupling to produce 65. The lat¬ 
ter used a selective insertion of activated zinc into the iodide of a 5-iodo-2-bro- 
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1. LDA 

2 . MgBr 2 


Rieke Zn 





































































































232 


6 The Synthesis of Electroluminescent Polymers 


mothiophene to make the thienyl zinc compound 81, which gave 65 by Negishi 
coupling. Both methods give similar yields, molecular weights, and regioregula- 
rities. 

In both cases high molecular weights depend upon obtaining very pure inter¬ 
mediates which is not experimentally trivial. McCullough and coworkers [102] 
have since developed a simpler Grignard metathesis (GRIM) method to regiore- 
gular polythiophenes (Scheme 6.18), which can be performed on a large scale. 
Here, a mixture of the 5- (95 %) and 2-magnesium (5 %) compounds is obtained 
from the metathesis, but the product is still highly regioregular (> 95% HT), 
which they showed is due to a mixture of kinetic and thermodynamic factors [103]. 



Scheme 6.18 Grignard metathesis (GRIM) route to regioregular P3ATs. 
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Other methods, e. g. Stille coupling [104], have also been used to make regiore¬ 
gular polythiophenes, but the yields and molecular masses are significantly lower 
than for the methods described above. 


6.4.4 

Precursor Routes to Poly(para-phenylene) 


Poly(para-phenylene) (PPP, 64) is insoluble and infusible and so films of PPP 
must be made by precursor routes (Scheme 6.19) [105]. The first of these, 
which was developed at ICI [106, 107], utilizes a radical polymerization of the dia¬ 
cetate 82 to produce a precursor polymer 83 that is thermally converted to PPP. 
This method produces PPP containing about 15% 1,2-linkages. A totally para- 
polymer can be made by the method of Grubbs involving the stereoregular nick¬ 
el-catalyzed living polymerization of the bis(silyl ether) 84 to 85, and then its con¬ 
version to 83 [108-110]. 
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Scheme 6.19 

Precursor routes to 
poly(para-phenylene). 
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The existence of highly efficient heterocyclic ring-forming reactions allows poly¬ 
mers containing such rings to be made by polycondensations. For example, con¬ 
densation of the diamine 86 with the diketone 87 gives the polyquinoline 88 [111]. 
The yields of these condensations are generally high but the molecular weights of 
the resulting polymers are usually only moderate. 



R = f Bu 

gg Scheme 6.20 Synthesis of polyquinolines by polycondensation. 


Polyheterocycles can even be made by polymer analogous reactions. A good 
example of this is the formation of oxadiazole-containing polymers. Thus, Janietz 
et al. [86] prepared the precursor polymers 89 by the polycondensation of 90 with 
91 and then dehydrated it with phosphorus oychloride to give the phenylene 
oxadiazole copolymers 69 (Scheme 6.21). 
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Scheme 6.21 Synthesis of poly(phenylene 
oxadiazole)s by a precursor route. 
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6.4.6 

Structure-Property Relationships 

As with PAVs, the properties of polyarylenes are dependent in many ways upon 
their structures. First, the nature of the arene unit affects the emission. For exam¬ 
ple, phenylene-based materials have large bandgaps and so are blue emitters, 
whereas materials based on heteroarenes such as thiophene have much smaller 
bandgaps and so emit at longer wavelengths. Thus by varying the composition 
of copolymers one can tune their emission. Secondly, the relative planarity of 
the system affects the color as more planar materials have better conjugation 
and thus smaller bandgaps. Substituents also affect the color as steric interactions 
can produce out-of-plane twisting of the polymer backbone that produces blue- 
shifts in the emission. Since aggregation can lead to red-shifts in emission, or en¬ 
hance nonradiative decay pathways, attaching bulky side chains to increase inter¬ 
chain separation can be used to control the emission color and enhance the PL 
efficiency. As with PAVs the charge-accepting and transporting properties of poly¬ 
arylenes can be manipulated by incorporation of suitable units in the main chain 
or as sidechains. 


6.4.6.1 Bridged versus Nonbridged Polyphenylenes 

Polyphenylenes are an excellent example of how one may control the emission 
color of a polymer by its planarity. PPP (64) is nearly planar with torsion angles 
between adjacent benzene rings of 23° [112]. Substitution of PPP with solubiliz¬ 
ing alkyl or allcoxy groups leads to a marked increase in the torsion angle to —70° 
due to steric interactions between the sidechains [112]. This produces a major 
blue-shift in the emission so that whereas PPP is a blue emitter (2 max = 459 
nm), [81] poly(2,5-dialkoxy-l,4-phenylene)s, e. g. 92 mainly emit in the violet 
(2 max = ca. 410 nm) in solution, although the formation of aggregates may lead 
to markedly red-shifted emission in the solid state [113]. As a result, the EL 
may be green, yellow, or even white in color. The methine bridges in ladder- 
type PPPs (67) keep the polymer planar so that the emission from Me-LPPP 
(67a) is blue-green (2 max = 470 nm). Polymers in which only some of the pheny- 



Fig. 6.9 Polyphenylenes with varying degrees of bridging. 
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lenes are linked by methine bridges show emission properties intermediate be¬ 
tween 92 and 67. With increasing ladder quality the emission maximum red- 
shifts from 420 nm for polyfluorenes such as 73 [93] through 430 nm for polyin- 
denofluorenes, e. g. 93, [114] to 445 nm for the polypentaphenylene 94 [115]. 

The aryl substituents in 93 and 94 above also serve to improve the color purity 
of their emission as they reduce interchain interactions, which, as mentioned 
above, can produce marked red-shifts in the emission from phenylene-based 
materials due either to formation of emissive aggregates or to enhanced exciton 
migration to emissive defect sites. 


6.4.6.2 Effect of Alkyl Substituents in Polythiophenes 

The asymmetry of 3 -substituted thiophenes means that there exist three regioiso- 
meric ways for them to couple: 2,2'- (head-to-head, HH), 2,5'- (head-to-tail, HT) 
and 5,5'- (tail-to-tail, TT). Head-to-head linkages produce out-of-plane twisting of 
the polymer chain about the interthiophene bond due to the large steric interac¬ 
tions between the substituents, with a concomitant blue-shift in the emission 
spectrum. Thus, Hadziioannou and coworkers [116] showed that the emission 
maximum of a series of alkylated polythiophenes 95-98 could be tuned from 
460 nm for 95 to 550 nm to 98 by increasing the distance between the HH-lin- 
lcages. Similar effects are induced by using bulky substituents [117]. Regioregular 
P3AT that have no HH dyads thus show red-shifted absorption and emission 
compared with the corresponding regiorandom materials. Their EL efficiencies 
are also higher that may in part reflect better charge transport due to more effi¬ 
cient chain packing [118, 119]. 
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Fig. 6.10 


95 96 97 x = 1 

98 x = 2 

Polythiophenes with varying distances between head-to-head dyads. 


The solid-state PL efficiency of polythiophenes can be optimized by varying the 
substituents. This is generally low for P3ATs due to efficient nonradiative decay 
pathways produced by strong interchain interactions. However, the regioregular 
poly(3-arylthiophene)s 72 show similar PL efficiencies in solution but much high¬ 
er solid-state values than their alkyl counterparts, which is attributed to the bulky 
aryl groups producing greater interchain separation [120]. 


6.4.6.3 Homo- versus Copolymers 

The previous two sections showed how the emission from a class of polymer can 
be fine tuned by varying the substituents and substitution patterns. The most fun- 
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R R 



99 R = H 

101 R = CH 3 Fig. 6.11 



HijCg C 8 H 17 


100 

Fluorene-thiophene copolymers. 


damental way to tune the color is, however, to vary the basic constituent units of 
the polymer. As a general rule the more electron-rich the arylene the more red- 
shifted the emission. Thus phenylene-based materials are blue- or blue-green- 
emitting materials, polymers based on the highly electron-rich thiophene produce 
orange-red emission. Copolymers show emission intermediate between the two 
homopolymers, so that, for example, the fluorene-thiophene copolymer 99 
shows blue-green emission (2 max = 480 nm), while the bithiophene copolymer 
100 produces yellow-green light (2 max = 545 nm) [121, 122]. The emission color 
from such copolymers can be further fine tuned by attaching substituents to 
the thiophene rings, e. g. the methyl groups in 101 induce a marked blue-shift 
in its emission (2 max = 468 nm) due to steric interactions inducing increased tor¬ 
sion between the thiophene and fluorene units [121, 122]. 

In other copolymers the lower-energy unit acts as a trap so that the emission 
comes solely from it, rather than from an excited state spread along the chain, 
as in the above examples. Thus Mullen and coworkers [123] have prepared copo¬ 
lymers of fluorene containing low (1-5 mol%) perylene-based dye chromophores 
in which the emission comes solely from the dye units due to a combination of 
efficient Forster energy transfer from the fluorene units and charge trapping on 
the dyes. By varying the nature of the incorporated chromophore they were able to 
tune the emission color across the whole visible spectrum. 


6.4.6.4 Optimizing Charge Injection into Polyarylenes 

As with PAVs the charge-accepting properties of polyarylenes can be enhanced by 
incorporating charge-accepting units in the main chain, e. g. the phenylene-oxa- 
diazole copolymers 69 [86], or as side-chains, e. g. the polyfluorene 70 [87]. The 
advantage of the latter approach is that the substituents do not affect the optical 
properties of the main chain. A third method that is available for poylarylenes is 
the attachment of charge-transporting units or blocks at the ends of the chain. 
This is achieved by introducing suitable end-capping reagents into Yamamoto 
or Suzuki polycouplings, e. g. the polyfluorene 102 endcapped with hole-accepting 
triphenylamine (TPA) was prepared by Scherf and coworkers by addition of a bro- 
minated TPA to a Yamamoto polycoupling of a dibromofluorene [124]. By varying 
the ratio of endcapper to monomer they could control the molecular weight of the 
polymer. 
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Fig. 6.12 A polyfluorene 
endcapped with a hole-trans¬ 
porting group. 



102 R = 2-ethylhexyl 


6.5 


EL Polymers with Isolated Chromophores 

Polymers with chromophores linked by nonconjugated units, e. g. alkyl chains, or 
as pendant groups on nonconjugated chains such as polystyrene, can in principle 
combine the advantageous physical properties of polymers - easy processability, 
good film-forming properties, etc. - with the desirable optical properties of molec¬ 
ular chromophores such as well-defined spectra, and high fluorescence quantum 
yields. The second approach also enables one to utilize the huge body of knowl¬ 
edge classical polymer synthesis to make materials with well-defined physical 
properties, e. g. molecular weight. A disadvantage of these approaches is that 
the nonconjugated units hinder charge transport and so adversely affect the EL 
efficiency, although incorporation of charge-transporting moieties can alleviate 
this. 


6.5.1 


Polymers with Isolated Chromophores in the Main Chain 

There are two ways to prepare materials with emissive chromophores linked by 
nonconjugated spacers: a) suitably functionalized emissive units can be incorpo¬ 
rated into polymers, usually by polycondensation reactions, for example the copo¬ 
lymer 103 is prepared by condensation of a terthiophene biscarboxylic acid with 
p-diacetyloxybenzene [125]; b) the conjugated emissive unit can be prepared in 
the polymerization step as illustrated in Scheme 6.22 by the synthesis of the poly¬ 
ether 104 with emissive oligo-phenylene vinylene units by Heck coupling [126]. 
Wittig, Horner, and Knoevenagel condensations have also been used to such 
polymers, while polymers with oligoarylene units have been made by Suzuki or 
Yamamoto coupling. 
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104 R = H, alkyl 


Scheme 6.22 


Synthesis of polymers with isolated chromophores in the main chain. 



6.5.2 

Polymers with Emissive Sidechains 

Polymers bearing emissive side-chains can be prepared by attaching chromo¬ 
phores to suitably functionalized polymers. For example the copolymer 105 has 
been made by Heck coupling of 4-vinyl-stilbene to a partially brominated polystyr¬ 
ene [127]. Alternatively, monomers bearing suitable side-chains can be incorpo¬ 
rated into standard polymer syntheses. This approach is of particular value in 
the preparation of materials bearing a mixture of emissive and charge transport¬ 
ing units, e. g. the polymethacrylate 106, made by Holmes and coworkers [128] by 
radical polymerization of a mixture of methacrylate monomers. If living polymer¬ 
ization techniques are used then block copolymers with emissive and charge¬ 
transporting blocks are accessible, e. g. the triblock copolymer 107 made by a liv¬ 
ing radical polymerization of three successive vinyl monomers followed by attach¬ 
ment of the oxadiazoles by Williamson condensation [129]. 
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OMe 


Fig. 6.13 Some typical polymers 

with emissive side-chains. 107 




6.6 

Stability of EL Polymers 

A critical criterion for emissive polymers for LEDs is their stability, which deter¬ 
mines the device lifetime. The major problem is the susceptibility of extended 
conjugated systems to attack by oxygen and/or water, which cannot be totally ex¬ 
cluded even by the best device encapsulation techniques [130]. In PAVs, the most 
vulnerable sites are the vinylene moieties. These could be protected by direct at¬ 
tachment of electron-withdrawing groups to them, but this is not always possible 
and may have undesirable effects upon the emission color. Generally speaking the 
use of less electron-rich arylene units seems to be the best approach so that 
the aryl-substituted PPV 53 is stable enough to be used commercially in LEDs. 
This material is also one of the most defect-free PPVs known, which also 
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seems to assist in extending its lifetime. In polyarylenes, electron-rich units such 
as thiophenes appear to be susceptible to direct attack by oxygen while in bridged 
polyphenylenes such as polyfluorenes the main problem is oxidation at the 
bridgeheads to give emissive ketones that act as traps and so red-shift the emis¬ 
sion [131]. Here, the use of aryl substituents improves the stability, mainly be¬ 
cause their synthesis does not allow the formation of bridgeheads with residual 
hydrogen substituents that are much more susceptible to oxidation than disubsti- 
tuted bridges. 


6.7 

Conclusion 

A large variety of methods have been demonstrated for the efficient synthesis of a 
wide range of luminescent polymers. By varying the main chain and substituents, 
emission can be achieved in any desired color of the visible spectrum. Appropriate 
choices of substituents can be used to minimize formation of defects during 
synthesis or by aerial oxidation, to control interchain interactions and to assist 
charge injection and transport, all of which help to improve efficiency and device 
lifetime. 
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7 

Charge-transporting and Charge-blocking Amorphous 
Molecular Materials for Organic Light-emitting Diodes 

Yasuhiko Shirota 


7.1 

Introduction 

The operation of organic light-emitting diodes (OLEDs) involves charge injection 
from electrodes, transport of charge carriers, recombination of holes and elec¬ 
trons to generate electronically excited states or excitons, followed by their deac¬ 
tivation by emission of either fluorescence or phosphorescence. The main factors 
that determine luminous and external quantum efficiencies are the following: 

- efficiency of charge injection from the electrodes, 

- charge balance, 

- spin multiplicity of the luminescent state, 

- emission quantum yield, and 

- light output coupling factor. 

In order to attain high quantum efficiency for electroluminescence (EL), it is ne¬ 
cessary to achieve three things: efficient charge injection from the electrodes at 
low drive voltage, good charge balance, and confinement of the injected charge 
carriers within the emitting layer to increase the probability of the desired emis¬ 
sive recombination. Layered devices consisting of an emitting layer and additional 
charge-transporting and charge-blocking layers usually exhibit better performance 
than single-layer devices consisting of only the emitting layer because of the fol¬ 
lowing reasons. The presence of hole-transport and electron-transport layers 
reduces the energy barriers for the injection of charge carriers from electrodes, 
hence facilitating charge injection from the electrodes and leading to a better bal¬ 
ance in the number of holes and electrons. At the same time, both layers block 
charge carriers from escaping from the emitting layer, confining injected holes 
and electrons to it. 

The performance of OLEDs therefore depends upon various materials function¬ 
ing in specialized roles such as emitting, charge-transporting, and charge-block¬ 
ing (Fig. 7.1). Consequently, it is of crucial importance to develop high-perfor- 
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Fig. 7.1 Multilayer OLEDs. 


mance materials in all these categories in order to achieve overall high perfor¬ 
mance from the device. Generally, the following criteria are required of materials 
if they are to find application in OLEDs. Materials should 

- possess suitable ionization potentials and electron affinities, i. e., well-matched 
energy levels for the injection of charge carriers from the electrodes and adja¬ 
cent organic layers 

- be capable of forming smooth, uniform films without pinholes 

- be both morphologically and thermally stable. 

In addition to these general requirements, materials should meet further specia¬ 
lized needs depending upon the roles that they play in devices. 

Since the pioneering studies on OLEDs using small molecules and polymers 
[1, 2], both small molecules and polymers have been studied for use as materials 
in OLEDs. Small organic molecules that readily form stable amorphous glasses 
above room temperature, i. e., amorphous molecular materials [3], and polymers 
containing ji-electron systems in the main chain, i. e., Ji-conjugated polymers, 
have been proven to be promising candidates for materials for OLEDs. 

Polymers containing ji-electron systems as pendant groups have also been in¬ 
vestigated. 

This chapter describes first the general aspects of amorphous molecular mate¬ 
rials and then hole-transporting, electron-transporting, and hole-blocking amor¬ 
phous molecular materials for use in OLEDs. 


7.2 

Amorphous Molecular Materials 

Generally, small organic molecules tend to crystallize readily, and hence, they 
usually exist as crystals below their melting temperatures. However, recent exten¬ 
sive studies have revealed that like polymers, small organic molecules can also 
readily form stable amorphous glasses above room temperature if their molecular 
structures are properly designed [3]. Such amorphous molecular materials have 
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received a great deal of attention as a new class of functional materials, in partic¬ 
ular from the standpoint of applications as materials for OLEDs. A number of re¬ 
ports have been published since the mid-1990s, and a new field of organic mate¬ 
rials science that deals with amorphous molecular glasses has been opened up [4]. 

Formation of the amorphous glassy state is confirmed by polarizing optical mi¬ 
croscopy, X-ray diffraction, and differential scanning calorimetry. Amorphous mo¬ 
lecular materials are characterized by well-defined glass-transition phenomena 
usually associated with polymers and ready formation of uniform amorphous 
thin films by vacuum deposition or spin coating from solution. Amorphous mo¬ 
lecular materials contrast polymers in that they are pure materials with well-de¬ 
fined molecular structures and definite molecular weights without any distribu- 



diarylaminophenylaldehyde Tris(oligoarylenyl)aniines 
arylhydrazones 


Jt-electron systems end-capped 
with triarylamine 



Structures 1 
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tion. They can usually be purified by column chromatography, followed by recrys¬ 
tallization or vacuum sublimation [3]. 

A variety of amorphous molecular materials have been created. Typical key 
compounds that readily form amorphous glasses are Ji-electron starburst mole¬ 
cules, e. g., the families of 4,4\4''-tris(diphenylamino)triphenylamine (TDATA) 
[5, 6], 1,3,5-tris(diphenylamino)benzene (TDAB) [7, 8], and l,3,5-tris[4-(dipheny- 
lamino)phenyl]benzene (TDAPB) [9], diarylaminophenylaldehyde arylhydrazones 
[10], tris(oligoarylenyl)amines [11], ji-electron systems end-capped with triaryla- 
mine [12, 13, 14], spiro-compounds [15], tetraarylmethane derivatives [16], and 
macrocycle-based compounds [17] (Structures 7.1). A number of structural mod¬ 
ifications of these key compounds have been made, including the replacement of 
the phenyl group by biphenylyl, naphthyl, fluorenyl, phenanthryl, and oxadiazolyl 
groups, the replacement of the diphenylamino group by the carbazolyl or benzo- 
carbazolyl group, and the enlargement of the molecular size leading to dendri- 
mers [18, 19]. 


7.3 

Requirements for Materials in OLEDs 

Amorphous molecular materials function as hole-transporting, hole-blocking, 
electron-transporting, or emitting materials, mainly depending upon their ioniza¬ 
tion potentials and electron affinities. Materials having low ionization potentials 
together with low electron affinities usually function as hole-transporting materi¬ 
als by accepting hole carriers with a positive charge and transporting them, while 
materials having high electron affinities together with high ionization potentials 
usually function as electron-transporting materials by accepting negative charges 
and allowing them to move through the molecules. In other words, materials with 
electron-donating properties and materials with electron-accepting properties 
serve in OLEDs as hole-transporting and electron-transporting materials, respec¬ 
tively. Hole-blocking materials should possess weakly electron-accepting proper¬ 
ties with high ionization potentials so that they accept electrons from the elec¬ 
tron-transport layer and transport them to the emitting layer, but at the same 
time block hole carriers from escaping from the emitting layer. The emitting 
layer functions as the recombination center for injected holes and electrons to 
generate electronically excited states or excitons, which either emit luminescence 
or transfer their excitation energies to a luminescent dopant dispersed in a host 
material in the emitting layer. Therefore, materials for use in the emitting layer 
should have both electron-donating and electron-accepting properties since they 
need to accept both holes and electrons, that is, bipolar character. 
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7.4 

Amorphous Molecular Materials for Use in OLEDs 

7.4.1 

Hole-transporting Amorphous Molecular Materials 

The hole-transport layer in layered OLEDs generally plays the roles of facilitating 
hole injection from the anode, accepting holes, and transporting injected holes to 
the emitting layer. The hole-transport layer also functions as the electron-blocking 
layer that stops electrons from escaping from the emitting layer and recombining 
undesirably elsewhere or completely traversing the device as lost current. There¬ 
fore, hole-transporting materials should undergo reversible anodic oxidation to 
form stable cation radicals. The materials should posses high hole drift mobilities 
to be capable of swiftly transporting the holes through them. N,N'-Bis(3-methyl- 
phenyl)-N,N'-diphenyh[l,l'-biphenyl]-4,4'-diamine (TPD), which was originally 
used as a charge-carrier transport material dispersed in a polymer binder in 
photoreceptors in electrophotography [20], was used as a good hole transporter 
for OLEDs [21]. More recently, N,N'-di(l-naphthyl)-N,N'-diphenyL[l,l'-biphe- 
nyl]-4,4'-diamine (a-NPD) has been most widely used as a hole transporter in 
combination with tris (8-quinolinolato)aluminum (Alq 3 ) as a green-emitting mate¬ 
rial or as a host material in which a luminescent dopant is dispersed [22]. 

Fine tuning all the desirable properties of one single hole-transporting material 
as listed above is a challenging task, and reaching the optimum for all electronic 
traits may even be impossible, or come with other drawbacks. An efficient strat¬ 
egy is therefore to create the desired behavior and function as a sum of properties 
of more than one material and layer. 

One important aspect of high-quality OLEDs is efficient hole injection from the 
anode, which is usually a thin, transparent layer of indium tin oxide (ITO), at low 
drive voltage. Therefore, materials with very low solid-state ionization potentials 
are used as the hole-transporting layer that facilitates hole injection from the 
anode, which is referred to as a hole-injection buffer layer. Often, this layer will 
not be a perfect match for passing the holes directly into the desired emitting 
layer of the particular device in question, and it is elaborate to insert a second 
hole-transport layer with a higher ionization potential between the hole injection 
buffer layer and the emitting layer to reduce the energy barrier for hole injection 
from the hole-injection buffer layer into the emitting layer, A three-layer OLED 
consisting of the double hole-transport layers of 4,4',4"-tris[3-methylphenyl(phe- 
nyl)amino]triphenylamine (m-MTDATA) [5] (HTL1) and TPD [20] (HTL2) and an 
emitting layer of Alq 3 was found to exhibit higher luminous and external quan¬ 
tum efficiencies and in particular, enhanced durability than the corresponding 
double-layer device without the m-MTDATA layer [23]. The analysis of the current 
density-voltage characteristics of hole-only devices using m-MTDATA showed 
that the ITO/m-MTDATA interface is capable of providing trap-free space- 
charge-limited current and that m-MTDATA forms an almost ohmic contact 
with the ITO electrode [24, 25]. 
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Cathode 
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HTL2 
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HTL: Hole-Transport Layer 
EML: Emitting Layer 


Fig. 7.2 Side view of the organic EL device 
consisting of double hole-transport layers. 


m-MTDATA and its family, e. g., 4,4\4'Ltris[l-, 2-naphthyl (phenyl) amino]triphe- 
nylamine (1- and 2-TNATA) [26] and 4,4',4"-tris[9,9-dimethylfluoren-2-yl(phe- 
nyl)amino]triphenylamine (TFATA) [27], are characterized by their very low 
solid-state ionization potentials and the good quality of their amorphous films. 
They have proven to serve as good materials for the hole-injection buffer layer 
(HTL1) that facilitates hole injection from the ITO electrode in layered devices 
consisting of double hole-transport layers (Fig. 7.2). Copper phthalocyanine 
(CuPc) has also been widely used as a hole-injection buffer layer (HTL1) that 
facilitates hole injection [22]. In OLEDs using polymer films, an electrically con¬ 
ducting polymer, poly(3,4-ethylenedioxythiophene) doped with polystyrene sul¬ 
fonic acid) (PEDOT: PSS), has been widely used as a hole-injection buffer layer 
(Structures 7.2). 



m-MTDATA 



1-, 2-TNATA 




Structures 2 
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As for materials for use in the second hole-transport layer (HTL2), materials 
with higher ionization potentials than those of materials employed in the first 
hole-injection buffer layer (HTL1) are used to reduce the energy barrier for 
hole injection into the emitting layer. TPD and a-NPD have been widely used 
as good hole-transporting materials with suitable ionization potentials for use 
in HTL2. However, both TPD and a-NPD are not thermally stable. TPD is not 
morphologically stable either, tending to crystallize readily. A number of ther¬ 
mally stable hole-transporting amorphous molecular materials with higher T g s 
than those of TPD and a-NPD have been developed (Table 7.1). 


Table 7.1 Hole-transporting amorphous molecular materials. 


Family 

Abbreviation 

Compound Structure and Name 

Ref. 

TDATA Family 

TCTA 

r^i 

28 



V 




4,4',4"-tri(N-carbazolyl)- 
tri phenyl amine 



DCB 


29 







N-[4-(N-carbazolyl)phenyl]-4,7- 

bis(N.N-diphenylamino)carbazole 


TDAB Family 

p-DPA-TDAB 

9 

$ a N 0 N TD 

6 $ 

l,3,5-tris[N-(4-diphenylaminophenyl)- 
phenylaminoj benzene 

30 
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Table 7.1 Continued. 


Family Abbreviation Compound Structure and Name 


Ref. 


TDAPB Family o-, m-, p-MTDAPB 



1,3,5 -tris[4-(methylphenylpheny 1- 
amino)phenylJ benzenes 


R = H:TFAPB 
R = CH 3 : MTFAPB 



4,4' } 4"-trisf9,9-dimethylfluoren-2-y]- 

(phenyl)amino]triphenylbenzenes 


TBFAPB 


TFATr 



4,4',4’'-tris[bis(9,9-dimethylfluoren-2- 
y 1 I )amin o J trip hen y 1 ben zen e 



2,7,12-tris[9,9-dimethylfluoren-2-yl- 
(pheny l)amino] -5,5,10,10,15,15- 
hexamethyltruxene 


9 


31 


31 


32 
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Table 7.1 Continued. 


Family Abbreviation Compound Structure and Name 


Ref. 


TPD Derivatives PPD 


CBP 


p-BPD 


PFFA 


FFD 


spiro-TAD 


Tris(oligo- TF1A 

arylenyl) amine 



N,N’-diphenyl-N,N'-bis(9- 
phenanthryl )benzidine 



4,4'-di(N-carbazole)biphenyl 



N,N , -di(biphenyl-4-yl)-N,N , -diphenyl- 
[1,1 ’-biphenyll-d/F-diamine 



N,N’-bis(9,9-dimethylfluoren-2-yl)- 
N,N'-dipheny 1-9,9-dime thylfluorene- 
2,7-diamine 



N,N,N' 5 N'-tetrakis(9,9- 
dimethylfluoren-2-y l)-[ 1,1 -biphenylj- 
4,4'-biamine 



2,2',7,7’-tetrakis-(N,N-diphenylamino)- 

9,9’-spirobifluorene 



tri s (9,9 -d i meth y 1 fl u oren - 2 -y 1) am i ne 


33 


34 


35 


36 


27 


15 


37 
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Table 7.2 Glass-transition temperatures (T g s) and oxidation 
potentials (E°* 2 ) of hole-transporting amorphous molecular 
materials. 


Material 

t , rq 

Eyi [a] 

Material 

t s rq 

E°h [a] 

m-MTDATA 

75 

0.06 

TBFAPB 

189 

0.51 

1-TNATA 

113 

0.08 

TFATr 

208 

0.48 

2-TNATA 

110 

0.11 

TPD 

61 

0.48 

TFATA 

131 

0.08 

a-NPD 

96 

0.51 

TCTA 

151 

0.69 

PPD 

152 

— 

TDCTA 

212 

0.92 [b] 

CBP 

— 

1.041 [c] 

DCB 

— 

0.78 [c] 

p-BPD 

102 

0.50 

p-DPA-TDAB 

108 

0.23 

PFFA 

135 

0.32 

o-MTDAPB 

109 

0.72 [d] 

FFD 

165 

0.40 

m-MTDAPB 

105 

0.66 [d] 

Spiro-TAD 

133 

— 

p-MTDAPB 

110 

0.64 

F 2 PA 

82 

0.51 

TFAPB 

150 

0.61 

TF1A 

125 

0.44 


[a] V vs Ag/AgN0 3 (0,01 mol dm -3 ) in CH 2 C1 2 . 

[b] V vs. ferrocene/ferrocenium in acetonitrile 
(irreversible anodic oxidation process). 

[c] V vs Ag/AgCl. 

[d] E°* 2 (irreversible anodic oxidation process). 


Many of these materials fulfill the requirements of reversible anodic oxidation 
to form stable cation radicals and the capability of transporting holes (Table 7.2). 
Some of these materials with relatively low ionization potentials can be used as a 
single hole-transport layer in OLEDs. 

These high-T g materials have enabled the fabrication of thermally stable 
OLEDs. The luminance usually decreased with the increasing temperature for 
Alq 3 -based OLEDs; however, doping of luminescent dyes in Alq 3 tended to pre¬ 
vent such phenomena. Thermally stable Alq 3 -based OLEDs using TCTA [28], 
TFATA and FFD [27] as hole transporters have been reported to operate at 
150-170 °C [27, 28]. In particular, an OLED consisting of quinacridone-doped 
Alq 3 as an emitting layer and TFATr as a hole-transport layer was shown to oper¬ 
ate even at 200 °C [32]. 

7.4.2 

Electron-transporting Amorphous Molecular Materials 

Analogous to the hole-transport layer, the electron-transport layer in layered de¬ 
vices generally plays the roles of facilitating electron injection from the cathode, 
accepting electrons, and transporting them to the emitting layer. The electron- 
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transport layer functions at the same time as the hole-blocking layer that blocks 
holes from escaping from the emitting layer. The electron-transporting materials 
should therefore undergo reversible cathodic reduction to form stable anion radi¬ 
cals. The materials should be able to transport electron carriers with desirably 
high electron drift mobilities. 

As compared with hole-transporting materials, fewer electron-transporting ma¬ 
terials have been reported. A well-known green emitter, Alq 3 , has been used as a 
good electron transporter. Other reported electron-transporting materials include 
oxadiazole derivatives, a dendrimer-type oxadiazole, a triazole derivative, trisfphe- 
nylquinoxaline), silole derivatives, benzimidazole derivative, and boron-contain¬ 
ing compounds (Table 7.3). 


Table 7.3 Electron-transporting amorphous molecular materials. 


Family Abbreviation Compound Structure and Name 


Ref. 


Oxiadiazole t-Bu-PBD 
Derivatives 


OXD-7 


TPOB 


t-Bu 

2-(biphenyl-4-yl)-5-(tert-butylphenyl)-1,3,4- 

oxadiazole 



21 



1,3-bis[5-(p-tert-biitylphenyl)-l ,3,4- 
oxadiazol-2-yl] benzene 

t-Bu 



1,3,5-tris(4-tert-butylphenyl-1,3,4- 
oxadiazolyl)benzene 



38 


39, 40 


41 
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Table 7.3 Continued. 


Family Abbreviation Compound Structure and Name 


Ref. 


Triazole TAZ 

Derivative 


Tris(phenylqui- TPQ 
noxaline) 


Silole PYSPY 

Derivatives 


PyPySPyPy 


Benzimidazole TPBI 
Derivative 


Boron- BMB-nT 

containing 

Compounds 


TMB-TB 



3-(biphenyl-4-yl)-4-phenyl-5-(4-tert- 
butylphenyl)-1,2,4-triazole 



1,3,5-tns(3-phenylquinoxaline-2-yl)benzene 



2,5-bis[(2,2'-bipyridin-6-yl)]-1, 1-dimethyl-3,4- 
diphenylsilole 



2,2',2"-(l,3,5-benzenetriyl)tris-[l-phenyl-lH- 

benzimidazole] 



a, to-b i s (d i mes i tylbory 1) o 1 i go th i ophe ne 



1,3,5-tris[5-(dimesitylboryl)thiophen-2- 
yl]benzene 


42 


43 


44 


45 


46 


47-49 


50 






7.4 Amorphous Molecular Materials for Use in OLEDs 


7.4.3 

Hole-blocking Amorphous Molecular Materials 


257 


One of the requirements for the fabrication of high-performance OLEDs is to con¬ 
fine injected charge carriers in the emitting layer to lead to efficient recombina¬ 
tion of holes and electrons. Apart from their obvious role of facilitating charge in¬ 
jection from the electrodes, the hole-transport and electron-transport layers in 
OLEDs also function as the blockers of electrons and holes, respectively, to stop 
them from escaping from the emitting layer instead of recombining emissively 
there. However, there are only a few electron-transporting materials that function 
as effective hole-blocking materials at the same time. A well-known emitter and 
electron transporter, Alq 3 , does not necessarily function well as an effective 
hole blocker. For example, when materials with hole-transporting properties, 
e. g., TPD and a-NPD, are used as blue or blue-violet emitters instead of as 
hole transporters, hole injection from these emitting materials into Alq 3 takes 
place to give the emission resulting from Alq 3 . 

A promising approach is the separation of the two functions of the facilitation of 
electron injection from the cathode and the blocking of hole carriers from escaping 
from the emitting layer. A separate hole-blocking layer is inserted additionally be¬ 
tween the emitting layer and the insufficiently hole-blocking electron-transport 
layer. They then play their respective roles of blocking holes from escaping from 
the emitting layer and facilitating electron injection from the cathode (Fig. 7.3). 

Hole-blocking materials for use in OLEDs should fulfill several requirements. 
They should possess weak electron-accepting properties together with high ioni¬ 
zation potentials to be able to accept electrons from the electron-transport layer 
and to pass them to the emitting layer, but to block hole carriers from entering 
it. That is, the difference in the highest occupied molecular orbital (HOMO) en¬ 
ergy levels between the emitting material and the hole-blocking material should 
be much larger than that in their lowest unoccupied molecular orbital (LUMO) 
energy levels. The cathodic reduction processes of hole blockers should be rever¬ 
sible to form stable anion radicals. In addition, they should not form exciplexes 
with emitting materials with electron-donating properties. 



Fig. 7.3 Role of hole-blocking materials. 


Hole Blocker 
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Bathocuproine (BCP) has been used as a hole-blocking material. However, it 
tends to form exciplexes with a number of emitting materials with hole-transport¬ 
ing properties, e. g., TPD and m-MTDATA, and emits exciplex emission in the 
longer wavelength region [51]. Its morphological and thermal stability have not 
been made clear. 

New classes of hole-blocking amorphous molecular materials have recently 
been developed, which include the families of triarylbenzenes and triarylboranes 
(Table 7.4). These compounds readily form amorphous glasses with well-defined 
T g s and possess weakly electron-accepting properties. These hole-blocking materi¬ 
als enabled fabrication of high-performance blue- and blue-violet-emitting OLEDs 
using a-NPD, p-TTA and TPD as emitters. The performance of some devices is 
summarized in Table 7.5. 


Table 7.4 Hole-blocking amorphous molecular materials. 


Family Abbreviation Compound Structure and Name 


Ref. 


Triaryl- TBB 

benzenes 


F-TBB 


TFB 


TFPB 



1,3,5-tri (biphenyl-4-yl) benzene 

F 




1,3,5 -tris (9,9 -dimethylfluoren- 2 -yl)benzene 



l,3,5-tris[4-(9,9-dimethyltluoren-2- 
yl)phenyl] benzene 


51, 52 


51-53 


51, 52 


51, 52 






7.4 Amorphous Molecular Materials for Use in OLEDs 


259 


Table 7.4 Continued. 


Family Abbreviation Compound Structure and Name 


Ref. 


Triarylboranes TPhB 


TBPhB 


TTPhB 


TTPhPhB 



tris(2,3,5,6-tetramethylphenyl)borane 



tris(2,3,5,6-tetramethylbiphenyl-4-yl)borane 



tris( 2,3,5.6-tetramethy 1-1, 1 "-terphenyl- 

4-yl)borane 



tris[2,3»5,6-tetramethyl-4-( 1,1:31 
terphenyl-5'-yl)phenyl]borane 


54 


54 


54 


54 






260 


7 Charge-transporting and Charge-blocking Amorphous Molecular Materials 
Table 7.5 Performance of blue- and blue-violet-emitting OLEDs. 


Device 

EL Peak 

Wavelength 

[nm] 

Maximum 

Luminance 
[cd m -2 ] 

Luminous 
Efficiency [a] 

[lm W -1 ] 

External Quantum 
Efficiency [a] 

[%] 

A 

404 

3,960 (at 15.0 V) 

— 

1.40 

B 

435 

7,400 (at 11.0 V) 

0.78 

2.8 

C 

444 

9,100 (at 11.0 V) 

1.0 

2.5 


Device A: ITO/m-MTDATA (50nm)/TPD (20nm)/F-TBB (10 nm)/ 

Alq 3 (20nm)/MAg 

Device B: ITO/m-MTDATA (40nm)/p-TTA (20nm)/TTPhPhB (10nm)/ 

Alq 3 (30nm)/LiF/Al 

Device C: ITO/m-MTDATA (40nm)/a-NPD (20 nm)/TTPhPhB (10 nm) 

/Alq 3 (30nm)/LiF/Al 
[a] At a luminance of 300 cd m“ 2 . 

a,oo-Bis(dimesitylboryl)oligothiophenes (BMB-nT) function as good electron¬ 
transporting materials with stronger electron accepting properties than those of 
Alq 3 and at the same time as good hole blockers [55]. 


7.5 

Charge Transport in Amorphous Molecular Materials 


Since charge transport is a central phenomenon in the operation processes of 
OLEDs, the charge-transport properties of amorphous molecular materials need 
to be elucidated in detail. Extensive studies of charge transport in organic disor¬ 
dered systems have been performed on polymers and molecularly doped poly¬ 
mers, where small organic molecules are dispersed in a polymer binder. In the 
latter system, hole drift mobilities have been reported to vary by two orders of 
magnitude depending upon the binder polymer. Creation of amorphous molecu¬ 
lar materials has enabled the investigation of charge transport in the glassy state 
of small organic molecules. 

Charge carrier drift mobilities of a number of amorphous molecular materials 
have been determined by a time-of-flight method, and their electric-field and tem¬ 
perature dependencies have been analyzed in terms of the disorder formalism 
[56, 57]: 


a = u Q exp 



exp< C 


o 

kT 




E 1 ' 2 


(7.1) 


where o and Z are the parameters that characterize the energetic and positional 
disorder, respectively, /u 0 represents a hypothetical mobility in the energetic disor¬ 
der free system, E is the electric field, k is the Boltzmann constant, T is the tem¬ 
perature, and C is an empirical constant. 
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Table 7.6 Hole drift mobilities of amorphous molecular 
materials [a]. 


Material 

^h/[cm 2 V 1 s n ] 

Ref. 

Material 

^h/[cm 2 V 1 s n ] 

Ref. 

m-MTDATA 

2.7 X 10“ 5 

24 

TPD 

1.1 X 10~ 3 

20 

1-TNATA 

1.9 X 10“ 5 

37 

a-NPD 

8.8 X 10“ 4 

59 

2-TNATA 

5.2 X 1(T 5 

37 

p-BPD 

1.0 X 10~ 3 

35 

TFATA 

1.8 X 1(T 5 

27 

PFFA 

1.1 X 10~ 3 

36 

TCTA 

2.0 X 10~ 5 

37 

FFD 

4.1 X 10~ 3 

27 

p-DPA-TDAB 

1.4 X 10~ 4 

58 

Spiro-TAD 

2.5 X 10~ 4 

60 

TFAPB 

6.4 X 10~ 3 

31 

TPTPA 

1.0 X 10~ 2 

61 

TF1A 

8.1 X 10~ 3 

37 

TPSePA 

1.1 X 10~ 2 

61 

[a] Measured at 

an electric field of 10 5 

V cm -1 

at r. t. 




Numerous studies of charge transport in amorphous molecular materials have 
shown that hole drift mobilities of amorphous molecular materials vary widely 
from 10 to 10 cm V“ s at an electric field of 1.0 X 10 V cm at room tem¬ 
perature, greatly depending upon their molecular structures. Table 7.6 lists hole 
drift mobilities of some amorphous molecular materials that function as hole¬ 
transporting materials in OLEDs. 


7.6 

Outlook 

Amorphous molecular materials have found successful application as materials 
for use in OLEDs, constituting a new class of functional organic materials. A 
new field of organic materials science that deals with amorphous molecular 
glasses has been opened up. 

A number of hole-transporting, electron-transporting, charge-blocking, and 
emitting amorphous molecular materials that are of great interest and signifi¬ 
cance from scientific viewpoints have been reported up to this time. However, 
the materials that have been actually used in commercial devices are still very lim¬ 
ited in number. Many factors should be taken into consideration for practical use, 
including facile synthesis, low cost, and others as well as the performance, the 
morphological and thermal stability of materials. The development of new mate¬ 
rials with potential technological applications still remains to be a challenging 
subject. 
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8 

Dendrimer Light-Emitting Diodes 

John M. Lupton 


8.1 

Introduction 

Organic electroluminescent materials are generally categorized into two classes, 
small molecular [1] or polymeric [2]. Whereas small molecules such as aluminum 
tris (8-hydroxyquinoline) (Alq 3 ) are conventionally deposited under high-vacuum 
conditions by evaporation, high molecular weight polymeric materials can be pro¬ 
cessed under ambient conditions from solution and can even be printed using 
ink-jet techniques. Much of the research into organic electroluminescence (EL) 
over the past 15 years has focused on either rather low or extremely high molec¬ 
ular weight materials [3]. A natural intermediate to these two classes of materials 
are dendritic structures, fractal-like molecules containing self-similar subunits. 
These materials can combine the benefits of both worlds, i. e. high molecular 
weight, solution processability, tuneability and functionalizability with well- 
defined monodisperse structural properties [4]. 

Dendritic systems, and in particular conjugated dendrimers, have recently at¬ 
tracted considerable attention from the synthetic organic chemistry community 
[5-22], as well as from photophysicists, particularly in view of the search for syn¬ 
thetic model analogies to biological compounds to study biophysical processes 
[23-25], and even more basic areas of research such as topology, rheology and sta¬ 
tistical physics [26-30]. Geometrically, dendrimers are unique systems, as the 
number of atoms grows exponentially with the branching - or generation - of 
the dendrimer, rather than to the power of n as in n-dimensional space. This expo¬ 
nential growth is a characteristic of an infinite-dimensional system [25]. In con¬ 
trast, there is only one unique connecting path across the structure between two 
lattice sites, i. e. units of the molecule, making the connectivity or the path of an 
excitation one-dimensional. This results in unusual optical properties of these 
macromolecules such as geometrical energy funnelling [31]. Dendritic molecules 
have been synthesized and studied as a comparison to biological [32] light-harvest¬ 
ing complexes, and a body of both theoretical and experimental work exists on 
these artificial light-harvesting antennae [23, 33-47]. In these complexes excita- 
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tions are generated optically in the dendron periphery of the molecule and trans¬ 
ferred through incoherent exciton hopping via the Forster mechanism or via strong 
coherent dipole-dipole coupling into the central region of the molecule, leading to a 
certain degree of exciton confinement. Excitonic effects due to this strong degree 
of localization have attracted considerable attention and charge-transfer comp¬ 
lexes have been observed as well as strong coherences and Davidov-like excitonic 
splittings [24, 25, 33, 48-50]. A number of investigations of intramolecular inter- 
chromophoric couplings exist both in the time [51-55] and in the frequency 
domain, right down to the level of single light-harvesting molecules [56]. 

In addition to the similarities with light-harvesting complexes, dendrimers may 
also be used as light-emitting materials [6, 8-11, 17, 18]. The exciton confinement 
at the center of the dendrimer allows the emitting region to be modified indepen¬ 
dently of the dendron architecture, which can be tuned to give the desired inter¬ 
actions with the environment such as neighboring molecules or solvent [9, 11, 
33]. Emissive excitations can hence be shielded from the environment through 
the periphery of the dendrimer [19, 20]. This can reduce parasitic perturbations 
such as solvation effects in the condensed phase or luminescence quenching 
through interaction with the environment or surrounding chromophores [9, 20, 
57-61] in the solid film. Dendrimers or starbursts were proposed as emitting 
or transport layers in organic LEDs in the mid-1990s [8-11, 17-19, 62-68] and 
combine a number of advantageous electronic and processing properties: they 
possess a well-defined molecular weight and can hence be synthesized reprodu- 
cibly to a high purity; they are solution processable in most cases and, in contrast 
to conjugated polymers with potentially very high molecular weight and viscosity, 
may be ideally suited for inkjet printing of LED structures, as has previously been 
demonstrated with polymer-based materials [69]. In addition, it has been shown 
that the emission color of the core region may be tuned independently of the den¬ 
dron architecture across the entire visible spectrum [11]. This provides a novel 
tool for controlling the emission color of organic LEDs. Such facile tuneability 
is not accessible with either conventional small molecule and particularly not 
with polymeric organic semiconductors, where substitutions to control the pro¬ 
cessability usually also lead to an alteration of the photophysical properties. A 
well-known example of this is the comparison of precursor poly(phenylene-viny- 
lene) (PPV) with the soluble variant MEH-PPV. Whereas the precursor-derived 
material is insoluble and emits in the green part of the spectrum, substitution 
of the side chains to ensure solubility results in a considerable red-shift of the 
electronic transition. Processability and electronic properties are therefore inti¬ 
mately coupled. 

A further interest in dendrimers for EL applications is the possibility of assign¬ 
ing different functional properties to the individual components of the macromo- 
lecular structure. For instance, it is conceivable to attach moieties with hole-trans¬ 
porting properties to the core region and electron-transporting properties to the 
dendrons, or even to integrate bipolar transport functionality in one molecule 
by virtue of asymmetric dendronization [41, 70]. Many of the fundamental aspects 
relating to the physical structure and architecture of dendrimers can be mapped 
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directly to the requirements of sophisticated EL materials. The initial interest in 
dendrimers was in using them as transporting and shielding units, such as intel¬ 
ligent drug-delivery systems [71, 72], where the macromolecule or even supramo- 
lecular dendritic assembly acts as a cage for a particular reagent that is released 
following an external stimulus [73]. Likewise, chromophores can be integrated 
into the dendritic cage, which dramatically reduces concentration quenching 
and solvent interactions [20]. The highly nonlinear structure of dendrimers also 
lends itself to light-harvesting applications and the construction of excitonic fun¬ 
nels to facilitate color tuning in EL devices. A number of these interesting aspects 
have been addressed in the context of LEDs. The benefit of dendrimers is thus 
threefold. Firstly, these materials provide a unique material system to study the 
optical and electrical properties of organic semiconductors in a well-defined envi¬ 
ronment, thus enabling the development of elaborate structure-property relation¬ 
ships, which are of particular relevance to organic semiconductors [61]. These can 
in turn feed into material design and provide valuable information on the in¬ 
fluence of morphology and intermolecular packing on, for example, charge car¬ 
rier mobility and intermolecular interactions [58]. Dendrimers also provide a nat¬ 
ural environment for studying organic semiconductor blend systems with a mini¬ 
mum of phase separation due to matching surface groups [70, 74]. Secondly, den¬ 
drimers offer an exciting playing field for constructing the next generation of 
organic devices using supramolecular assembly techniques. With macromolecu- 
lar organic electronics approaching maturity, exploitation of self-assembly tech¬ 
niques to combine chemical with device functionality is becoming an increasingly 
important aspect in materials and device design (for an example of molecular- 
scale engineering in devices see [75]). Thirdly, and most importantly, the demon¬ 
stration of exceptionally efficient electrophosphorescence from dendrimers con¬ 
taining transition-metal complexes means that these material systems are 
amongst the most promising solution-processable organic EL complexes known 
to date. The ease of processability united with the synthetic flexibility and diversity 
such as the control of surface functionality of the macromolecule imply that elec¬ 
troluminescent dendrimers now pose a very real alternative to small molecular 
and polymeric organic semiconductors [76]. 

This chapter aims at reviewing the development of dendrimers for organic EL 
applications. Dendrimers as interesting macromolecular structures have been ac¬ 
tively studied now for the past 20 years, and it would be impossible to provide an 
entirely balanced overview of the highly diverse development of dendritic struc¬ 
tures within this framework. Where appropriate, parallels are drawn from recent 
advances in electroluminescent dendrimers to issues previously discussed in the 
general context of the physical properties of dendrimers. After highlighting the 
basic concept of using dendrimers as EL materials, different classes of fluorescent 
and phosphorescent materials studied to date are presented. The electronic prop¬ 
erties of dendrimers are discussed subsequently with particular attention paid to 
the tuneability availed by the decoupling of different functional units constituting 
the macromolecule. Intramolecular excitations within dendrimers can be tuned 
independently of intermolecular interactions between molecules, thus enabling 
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independent tuneability of the emission color, charge transport, and the level of 
interchromophoric coupling and aggregation. It is shown that even materials 
whose EL performance is not particularly outstanding can provide unique insight 
into subtle structure-property correlations in organic semiconductors and allow 
an extrapolation to other material systems. Finally, comparisons are drawn with 
attempts to dendronize conjugated polymers in order to control the interchain 
packing behavior. 


8.2 

The Dendrimer Concept 

Organic semiconductors can generally be divided into two classes of materials: 
small organic molecules and polymeric materials. There is an interesting class 
of macromolecular materials in between, however, with a branching exponential 
rather than an iterative linear geometry. These materials are known as dendri- 
mers, derived from the Greek for tree (dendros) and parts (meros). Over the 
past decade there has been rapidly increasing interest in dendritic molecules 
from a large variety of research areas [5, 6, 9, 13, 15, 16, 19, 33, 71, 77, 78]. A size¬ 
able number of publications and patents were produced by Tomalia and cowork¬ 
ers [70, 71], who identified dendrimers as materials suitable to imitate naturally 
occurring light-harvesting complexes important to photosynthesis. Further inter¬ 
est in dendrimers has been as molecular drug-delivery systems, employing molec¬ 
ular recognition features incorporated in the branches (termed dendrons) [19, 71]. 
A remarkable feature of dendrimers is the ability to localize energy at the center 
of the molecule through correct choice of the energy gradient between core and 
dendrons [33, 79]. The simplest conceivable dendrimer structure is a regularly 
branched molecule formed by the complete reaction of multifunctional monomer 
units. Such structures, as shown schematically in Fig. 8.1, can be grown either 
convergently by synthesizing branched arms and attaching these to a core unit, 
or divergently, by initiating the branching reaction from the core and growing 
subsequent generations in much the same way as linear polymerization occurs. 
The units constituting the dendrimer may be either conjugated, nonconjugated 
or partially conjugated. 

Dendrimers can be constructed to contain different functional elements, e. g. to 
consist of a luminescent conjugated core region - either monomeric, polymeric or 
molecular - surrounded by hyperbranched, conjugated side groups or dendrons. 
This is shown schematically in Fig. 8.2. In this general structure, all units are con¬ 
jugated, but the conjugation is broken between the different constituents. This 
can be achieved by meta-conjugations or carbonyl linkers, for example. Excitations 
are therefore not delocalized across the entire molecule. 

Energy localization at and funnelling to the center of dendrimers has been de¬ 
monstrated in a number of systems [14, 33, 77, 78, 81], although to date immedi¬ 
ate practical applications are still under consideration. The fact that the dendrons 
of each branching level (referred to as the generation G) possess three contact 
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Fig. 8.1 Schematic representation of a 
trifunctional fifth generation self-similar 
starburst dendrimer following Boris and 
Rubinstein [80]. 



Chromophore L : Linker elements 

S : Surface groups 






> Conjugated Units 



j 


L = Linker, e.g., triazine, 
ester, or vinyl 

S = Surface group, e.g., f-butyl, OR, 
OH, SiR3, COOH, COOR, or vinyl 


Fig. 8.2 Schematic structure of conjugated dendrimers. A conjugated core is surrounded by 
doubly branched conjugated dendrons, forming a second-generation dendrimer. The different 
conjugated groups are linked through linker units (L). The dendrimer is surrounded by surface 
groups (S), which control the interaction with the environment. 


points within the dendrimer, two of which point away from the core, suggests 
from a mere statistical argument that excitation energy should diffuse from the 
core to the periphery. Indeed, such systems, where the emissive centers are loca¬ 
lized on the dendron periphery, have been demonstrated [19]. However, dendri¬ 
mers can also possess a unique shielding effect, which protects excitations 
from interactions with the environment. This has been demonstrated conclusively 
by the encapsulation of emissive centers in a dendrimer architecture. In work car¬ 
ried out by Meijer and coworkers, a reduction in aggregate emission was observed 
for Bengal Rose shielded in this way [20]. A most remarkable effect of energy 
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localization has been demonstrated by Aida and coworkers [78, 81], who found 
that their dendritic macromolecules could be photoisomerized by the absorption 
of a number of infrared photons rather than a single ultraviolet photon. This re¬ 
sult, which is yet to be reproduced in the literature, suggests that the dendrimer 
architecture inhibits all radiative and nonradiative decay modes for excitations at 
the core, so that quanta of infrared radiation accumulate, finally leading to photo¬ 
isomerization. 

Although dendrimers are optically fascinating systems and may well find appli¬ 
cations in artificial light-harvesting devices, few direct applications have been de¬ 
monstrated as yet. A further area of interest has been in electroactive dendrimers 
[7, 12] and the effect of the dendritic architecture on oxidation and reduction of 
the macromolecule. Dendritic or starburst materials have also been used as 
charge-transporting materials [17, 64-68, 82], in particular for organic LEDs. 
However, the possibility to independently control the emissive core and the den¬ 
drimer architecture, the potential shielding and localization of excitations as well 
as the possibility for energy funnelling, make conjugated dendrimers extremely 
interesting as emissive materials for organic LEDs [8, 10, 11, 18]. In effect, con¬ 
jugated dendrimers allow a nanoscale control of the electronic properties of 
organic semiconductors. The wide range of emission colors available to organic 
LEDs has frequently been cited as a key benefit of these devices over conventional 
LEDs. Using conjugated dendrimers, Halim et al. [11] demonstrated that the 
emission spectrum of dendrimers in a common architecture can be tuned 
throughout the visible spectrum. The dendrons provide a means of controlling 
the ordering and microscopic packing of the emissive chromophores, which is ex¬ 
tremely important in the operation of LEDs, as it affects both charge transport 
and interchromophore coupling of the emissive dipoles. Finally, the interaction 
of the molecule with the environment is of great importance. The surface groups 
of the dendrimers provide a method of controlling the solubility, which can be 
extremely useful in the fabrication of solution processed multilayer devices. 

One particular strength of dendrimers when compared to polymeric systems is 
their monodispersity, which greatly simplifies structural characterization and gen¬ 
erally facilitates a convergent and iterative synthetic procedure. Standard spectro¬ 
scopic tools such as UV/VIS and FTIR absorption can be used to monitor the pro¬ 
gress of reactions between stages. Flash silica column chromatography is readily 
employed to purify the compounds, which are then quality checked by thin-layer 
chromatography (TLC) and combustion analysis (e. g. inductively coupled plasma 
optical emission spectroscopy, ICP-EOS). Gel permeation chromatography (GPC) 
gives further insight into the purity of the compound and may also be used to 
estimate the molecular radii by studying the diffusivity. 1 H NMR provides insight 
into the distribution of different isomers in the product, but also indicates con¬ 
tamination by hydrogen-containing impurities. An important tool employed to 
characterize dendrimers is mass spectrometry, the most commonly used form 
of which is matrix-assisted laser desorption/ionization-time-of-flight (MALDI- 
TOF). MALDI-TOF is particularly suited to characterize dendrimers as it mini¬ 
mizes fragmentation of large molecules and provides an accurate idea of the 
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Fig. 8.3 Schematic diagram 
of a dendrimer core chromo- 
phore surrounded by dendron 
branches of varying genera¬ 
tion C = 0 to 3. 



chemical purity of the final product. It also gives an isotope distribution, which 
can be used to confirm the molecular formula and weight. Such detailed diagnos¬ 
tic techniques are generally not readily available in polymer synthesis, where pur¬ 
ification of the final product can become an important issue. 

Dendrimers uphold a close connection between physical shape and property. 
Chromophores can be situated either at the end of the dendrons or at the core 
of the macromolecule, akin to biological light-harvesting complexes. A structure 
of such a molecule surrounded by branching dendron arms of increasing genera¬ 
tion is sketched in Fig. 8.3. The effect of the dendrons on the core can be twofold. 
Firstly, it is noted that the schematic structures of the molecules directly resemble 
an antenna. By careful design of an intramolecular energy gradient it is thus pos¬ 
sible to funnel energy absorbed in the arms to the emissive core, where radiative 
decay can occur. Secondly, the dendrons act as a protective box or shield around 
the core. This is particularly important in organic semiconductor applications, 
where solid-state quenching effects due to pronounced intermolecular ji-orbital 
overlap as well as efficient exciton diffusion to low-energy quenching sites is pre¬ 
valent [61]. Surrounding the emissive core with dendrons can thus reduce both 
nonradiative decay in the solid state as well as minimizing the diffusivity of exci- 
tons. This site-isolation effect has been demonstrated in a number of dendritic 
structures [41, 60, 70]. A particularly interesting example is aggregation control 
in solutions of laser dyes, where it has been shown that much higher concentra¬ 
tions can be achieved upon dendronization than without [83]. Optical gain from 
fluorene-based conjugated dendrimers has also been demonstrated [84]. The con¬ 
siderably increased solution concentration achievable with dendrimers substan¬ 
tially reduces the optical path lengths required for optical gain, which in turn 
is significant for the development of optical amplifiers. 

A further motivation for dendrimers is the fact that thermal crystallization can 
be a serious problem in small-molecule thin-film devices and indeed many low 
molecular weight materials form poor-quality poly crystalline solid phases. Con¬ 
trolling and minimizing attractive intermolecular forces by exploiting the globular 
structure of dendrimers should allow the formation of stable amorphous phases 
required for high-quality thin films [18]. This could be demonstrated impressively 
in a nearfield scanning microscope investigation of films of different dendrimer 
generation [35]. Higher-generation films were seen to become more amorphous, 
which could also be related directly to the aggregation signature in the photophy¬ 
sical properties. Generation dependent aggregation, crystallization and morphol¬ 
ogy control has also been observed in iridium-based dendrimers [85]. 
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The dendrimer concept is principally modular in nature, i. e. the synthesis can 
be built up from different blocks to construct potentially vast macromolecular 
complexes of well-defined physical shape and ensemble properties. A substantial 
amount of work has been directed towards the basic issues of nanoscale synthetic 
engineering. Both single-particle measurements, such as atomic force microscopy 
[86, 87], as well as ensemble measurements, such as dynamic light-scattering [88], 
have unravelled interesting physical behavior, which is expected to have implica¬ 
tions for future EL device design. The modularity of dendritic synthesis should be 
stressed particularly in the context of supramolecular electronically active aggre¬ 
gates [89, 90] and the possibility of facile blending of individual dendritic species 
to perform particular functions in the ensemble [74]. 


8.3 

Electroluminescent Dendritic Materials 

A wide range of cores and dendrons have been explored in past years, and de¬ 
pending on the application envisaged more attention has been paid either to 
the precise nature of the emissive species or the dendritic periphery enclosing 
the emissive unit. Figure 8.4 lists examples of electroluminescent dendrimers pre¬ 
viously discussed in the literature. Most of the materials (except for 20 ) contain a 
single chromophore at the center of the structure, from which emission occurs. 
The emissive unit may be either fluorescent or phosphorescent in nature, such 
as the transition-metal complexes 3 - 5 , 13 (with platinum porphyrin) and 15 - 17 . 
The dendron units perform different functionalities and can be either conjugated 
(such as stilbene, biphenyl, phenylacetylene, fluorene, truxene) or nonconjugated 
(such as Frechet-type poly(aryl-ether) or polyamidoamine). Whereas the dendrons 
form passive units in most of the molecules, triphenylamines are explicitly em¬ 
ployed as surface groups of 2, 6, 10 to ensure a high degree of hole conductivity. 
Electron-transporting oxadiazole periphery groups have also been explored [91]. 
Most of the dendrimer structures are symmetric in nature. Asymmetric dendro- 
nization is possible using iridium-based chemistry, as demonstrated in 15 . At 
least partial site isolation has been demonstrated in all of the structures except 20. 


Fig. 8.4 Examples of electroluminescent 
dendrimers studied to date. 1: fourth-genera¬ 
tion anthracene core phenylacetylene [18]; 2: 
second-generation anthracene core dendrimer 
with triphenylamine surface functionalization 
[18]; first-generation fac-tris(2-phenylpyridy- 
l)lr(lll) cored dendrimer with biphenyl den¬ 
drons in the para (3) and meta (4) position 
[76, 92-96]; 5: second-generation iridium cen¬ 
tered dendrimer [93-97]; 6: coumarin centered 
poly(benzyl-ethyl) dendrimer with naphthyl di- 
phenylamine termination [41, 98]; 7: tris(dis- 


tyrylbenzenyl)amine centered dendrimer with 
first-generation meta-linked biphenyl dendrons 
terminated by alkoxy surface groups [99]; 8: 
four generations of a tris(distyrylbenzenyl)a- 
mine centered dendrimer with stilbene den¬ 
drons in the meta substitution terminated by t- 
butyl surface groups [58-59, 100, 101]; 9: four 
generations of a 1,3,5-tris(distyrylbenzenyl)- 
benzene cored stilbene dendrimer [102, 103]; 
10 : pentathiophene lumophore attached to 
poly(benzyl-ethyl) arms terminated by naphthyl 
diphenylamine groups [70, 104]; 11: first-gen- 
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eration triazine dendrimer with a distyrylben¬ 
zene core [10]; stilbene-based dendrimers [8, 9, 
11, 105, 106] with cores of distyrylbenzene 
(12, second-generation), porphyrin (13, first- 
generation) and platinum-porphyrin [74] and 
anthracene (14, first-generation); 15: first-gen¬ 
eration asymmetric dendrimer with two den- 
dronized 2-phenylpyridyl and one benzothie- 
nylpyridyl ligand and ethylhexyl surface groups 
[107, 108]; 16: symmetric iridium centered 
benzothienylpyridyl dendrimer [107]; 17: first- 
generation iridium-centered fluorene dendri¬ 
mer, with the fluorene linking to a carbozole 


group of the dendrons [109]; 18: first-genera¬ 
tion bis-fluorene dendrimer with biphenyl 
dendrons [110-112]; 19: first-generation 
fluorene-thiophene dendrimer with biphenyl 
dendrons [111]; 20: third generation polyami- 
doamine dendrimer containing 32 ruthenium 
bipyridine chromophores located at the surface 
of the dendrimer [113]; 21: third-generation 
naphthalimide cored dendrimer with Frechet- 
type poly(aryl-ether) dendrons and carbazole 
peripheral groups [91]; 22: first-generation 
dihydro-diindenofluorene (truxene) dendrimer 
[114], 
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8.4 

Electronic Properties 

8 . 4.1 

Control of Emission Color 

One of the first aspects that was addressed using dendrimers with conjugated 
dendrons and conjugated core units was the question of whether the emission 
color of the material can be tuned without substantially modifying the molecular 
architecture and in particular the macromolecular surface properties, which con¬ 
trol solubility. Dendrimers 12-14 present such a class of material, where the den- 
dron periphery could be maintained independently of the core structure. Varying 
the core from a porphyrin over an anthracene to a distyrylbenzene unit allowed 
spectral tuneability from the deep red (—670 nm) to the blue (—440 nm) [11], 
which was readily observed in photoluminescence (PL) and EL measurements. 
Energy transfer from the conjugated stilbene dendrons to the core unit could 
be verified using PL excitation spectroscopy. Although the EL properties of 
these materials were initially rather rudimentary, they did provide a substantial 
motivation to pursue further studies into dendrimers as EL materials. Initial de¬ 
vice efficiencies ranged between 0.01 % and 0.1 % [8], depending on the dendron 
generation. This appeared promising considering the comparable values that 
polymeric LEDs started off from [2] and the rapid progress in terms of efficiency 
achieved with the help of guided device optimization. Color tuneability could also 
be achieved with the dendrimers 8 and 9, which also consist of distyrylbenzene 
based cores surrounded by stilbene dendrons of generation 1 to 3 [102]. In this 
case, the core unit is made up of three isolated distyrylbenzene units linked by 
a central phenyl ring, which does not allow conjugation between branches. The 
almost identical structure of the nitrogen-centered molecule results in a consider¬ 
ably red-shifted emission due to strong electronic delocalization between the dis¬ 
tyrylbenzene units facilitated by the lone electron pair on the nitrogen atom. Al¬ 
though electrochemical measurements and solid-state aggregation behavior did 
suggest that in this case the rather large core unit can have a considerable impact 
on the overall physical structure of the macromolecule [102, 115], the surface 
functionality remained intact. 

8 . 4.2 

Control of Intermolecular Interactions 

The dendron periphery and the dendrimer generation provide a unique method 
of investigating the effect of chromophore spacing on the emission and transport 
properties of LEDs. There is considerable interest in understanding the nature of 
the emissive species responsible for EL in organic materials, as well as the basic 
processes involved in charge transport. It is commonly assumed that good charge¬ 
transporting properties are a result of close chromophore proximity and a strong 
level of interaction between transport sites. In contrast, this proximity has been 
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Fig. 8.5 Space-filling repre¬ 
sentation of the four genera¬ 
tions of the nitrogen-centered 
distyrylbenzene-stilbene 
dendrimer 8. 



shown to lead to luminescence quenching and an overall reduction in emission 
efficiency [116]. By using the dendrons as microscopic spacers between chromo- 
phores, the trade-off between efficient luminescence and good charge transport 
can be investigated. In contrast to blend systems, the problem is much better de¬ 
fined in the case of dendrimers, as there is only one molecule involved in the in¬ 
vestigation and there is no danger of phase separation. Figure 8.5 shows a space¬ 
filling representation of the nitrogen-centered distyrylbenzene dendrimer with 
stilbene dendrons (8). The number of dendron units in the molecules increases 
as 6 X (2 g - 1) with generation number G. As the stilbene has a wider energy 
gap than the tris(distyrylbenzenyl) amine core, the dendrons act both as excitonic 
funnels but also as localizers of charge and excitation energy in the solid state. 
This is both a result of the energetic landscape that the excitations on the core 
of the dendrimer experience, as well as of the physical structure of the macromo¬ 
lecule. As is apparent from Fig. 8.5, increasing the generation results in the mo¬ 
lecule becoming more and more bulky. The closest proximity that two core units 
(i. e. the GO-complex) can be situated in is therefore expected to increase with in¬ 
creasing generation number. Also, the core isolation should evolve from a more 
two-dimensional to a three-dimensional topological problem, as steric hindrance 
between the dendron units leads to space filling of the molecule, ideally approach¬ 
ing a globular structure. 

The effect of exciton localization and shielding of the emissive species in the 
dendrimer from undesirable intermolecular interactions is readily visible in the 
absorption and EL properties [59]. Figure 8.6(a) shows the absorption spectra of 
neat thin films of the four generations of dendrimer 8. Two features are apparent, 
peaking at 420 nm and 320 nm. The high-energy feature displays a substantial 
increase with increasing generation, whereas the low-energy feature remains vir¬ 
tually unchanged. The effect is even more pronounced in solutions of the materi¬ 
al, where quantum-chemical calculations could clearly demonstrate that the low- 
energy feature arises solely from the core lumophore of the dendrimer and the 
high-energy absorption is attributable to the stilbene dendrons [117]. Indeed, be¬ 
sides providing a real space visualization of the molecular electronic modes in¬ 
volved in absorption, semiempirical calculations could also explain the exponen- 
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the feature at 420 nm. (b) EL spectra of devices made with dendrimers of generations 0 to 3 
(solid and dashed lines) together with the solution PL spectrum (dotted line) [59]. 


tial increase in the high-energy absorption strength with generation [103]. The 
fact that the absorption features of the dendrimer barely shift with increasing mo¬ 
lecular size can be taken as evidence for excitonic localization at the center of the 
molecule. This effect was first observed by Kopelman et al. [33] in a family of phe¬ 
nyl-acetylene dendrimers. The case of emission from bulk films is somewhat dif¬ 
ferent, as shown in Fig. 8.6(b). Whereas the absorption effectively broadens with 
increasing generation, the EL spectra narrow. Comparison with the solution PL 
spectra (dotted line), which are identical for all generations due to the exciton fun¬ 
nelling and localization effect, shows that pronounced emission occurs from a 
red-shifted tail state for low generations. This emission can be substantially re¬ 
duced with increasing generation, until the EL spectra in the solid state become 
very similar to the solution PL spectra. Increasing the dendrimer generation thus 
allows a reduction of intermolecular interactions, which tend to lead to emission 
from red-shifted, aggregated species arising from interchromophoric coupling 
[61]. This also results in an increase in the overall PL quantum yield in the 
solid state with generation, although it remained comparatively low at a maxi¬ 
mum of 12% [100]. This is in contrast to the solution yield, which was found 
to be independent of generation at 60 %. 

Aggregation is, however, not the only physical phenomenon that affects the 
solid-state emission properties of organic semiconductors and gives rise to spec¬ 
tral changes when going from the condensed to the solid phase. As soon as the 
lumophores are deposited in the solid state, excitation energy may be exchanged 
between adjacent molecules by means of energy transfer [116]. This exciton hop¬ 
ping depends sensitively on the intermolecular separation, which can in turn be 
tuned using the dendrimer generation. Figure 8.7(a) shows time-resolved PL 
spectra of the GO core of 8 [60]. Little change is observed in the spectra within 
the first 100 ps, except for a pronounced red-shift by 5 nm. At longer times, how¬ 
ever, a substantial red tail develops, which dominates the emission 1.5 ns after 
excitation. It is straightforward to show by means of comparing different genera¬ 
tions that the rapid red-shift observed on short timescales is purely due to exciton 















8.4 Electronic Properties 


277 



450 500 550 600 650 700 


550 


> 

CD 

£ 


500 


450 


~o 

jj 

2 
+-• 
o 
(D 
CL 
C/5 


400 


350 


300 



0 250 500 750 1000 1250 1500 1750 


Wavelength (nm) Time (ps) 

Fig. 8.7 (a) Time-dependent PL spectra of the zeroth-generation dendrimer 8 measured at 290 

K. The spectra evolve to the red with increasing delay after excitation. The time windows chosen 
are (spectra from left to right): 0 ps (5 ps integration window), 100 ps (5 ps window), 500 ps 
(50 ps window) and 1500 ps (400 ps window), (b) Evolution of the spectral width of dendrimer 
film PL as a function of time for GO and G3 [60]. 


hopping between adjacent molecules. Increasing the dendron branching and thus 
the intercore separation substantially slows down the migration rate and conse¬ 
quently the rate at which the spectra red-shift. The spectral broadening, on the 
other hand, at longer timescales arises due to exciton diffusion to and trapping 
in intermolecular sites with particularly strong interchromophoric coupling, 
which facilitate excimer formation. The red component in Fig. 8.7(a) almost 
vanishes when the same measurement is carried out for the third-generation den¬ 
drimer. Besides exhibiting a slowed exciton diffusion rate (i. e. a slower red-shift) 
[60], the high-generation dendrimer also efficiently inhibits intermolecular cou¬ 
pling and delocalization. Figure 8.7(b) displays this effect in a plot of spectral 
width as a function of time. Whereas the GO spectra broaden after 100 ps, the 
G3 spectra remain virtually unperturbed for half a nanosecond. The enhanced 
spectral purity and similarity to the solution PL in Fig. 8.6 can thus also be 
taken as a signature of the much slower migration of excitons to excimer traps 
[60]. In contrast to polymers, where both intramolecular and intermolecular en¬ 
ergy transfer and aggregation phenomena are important [61, 116], intramolecular 
processes can be excluded from these dendritic systems. They therefore provide a 
model framework to study the formation of intermolecular species, which have 
attracted considerable attention in the field of organic semiconductors. 

As the evolution of the red-tail aggregate or excimer emission occurs on much 
longer timescales than the spectral red-shift due to energy transfer, the rapidly 
relaxed dendrimer core spectrum (i. e. the spectrum in Fig. 8.7 taken at 100 ps 
delay) can be taken as the emission arising from the lowest-energy conformation 
of the molecules within their disorder broadened density of states. Subtracting 
this lowest-order electronic emission from subsequent emission spectra yields 
the pure intermolecular spectral component, as shown in the inset of Fig. 8.8. 
The rise and decay of the excitonic and intermolecular emission can be clearly re¬ 
solved using this technique, which demonstrates directly the tendency for pheny- 
lene-vinylene units to form intermolecular excited state species [116]. Rather than 
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Time (ps) 

Fig. 8.8 Calculated excimer component in spectra do not change with time but are 

delayed GO spectra of 8 at 290 K. The excimer broadened and red-shifted by 50 nm when 
spectra deduced by subtracting the molecular compared to the steady-state spectra in 
PL are shown in the inset for 80 ps delay Fig. 8.6(b). The rise and decay of the excimer 
(dotted) and 200 ps, 500 ps, 1000 ps, and 1500 component (solid line) is compared to the 
ps delay (from top to bottom). Note that the main emission band (dashed line) [60]. 


using polymeric or oligomeric systems, which do not provide a single, indepen¬ 
dent parameter to tune the level of interaction, dendrimers afford a direct demon¬ 
stration of the control over intermolecular delocalization using the generation as 
the only freely tunable variable. 

Control over concentration quenching and aggregation has been demonstrated 
in a variety of material systems using this technique of dendritic encapsulation 
both in solution phase and in the solid state [20, 118-121]. A noteworthy example 
of the benefit of encapsulation is the demonstration of optical gain from dendri- 
tically protected chromophores [83, 84]. Aggregation quenching is generally a 
major problem with laser dyes, which restricts the dye concentrations usable 
and thus poses limits on the minimal optical path lengths. Increasing the dye 
concentration while maintaining the quantum yield is possible using dendritic 
architectures, and also suggests novel routes to highly compact solid-state lasing 
materials following on from the success of conjugated polymers. 

8.4.3 

Control of Charge Transport 

Charge transport in disordered organic semiconductors generally occurs by hop¬ 
ping between adjacent conjugated segments. This process has been investigated 
in detail in molecularly doped polymers and even in doped crystalline materials 
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Fig. 8.9 Current-voltage characteristics 
of devices made with dendrimers of 
generations 0 to 3 (from left to right, 

G = 0 (O), G = 1 (□), G = 2 (A), G = 3 (V)). 
Inset is the external quantum efficiency as a 
function of generation [59]. 
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[116]. Typically, the average hopping distance can be tuned by varying the concen¬ 
tration of a guest species in a host material, with the known problems of change 
of morphology and composition, which may be rather detrimental to the opera¬ 
tion of an actual device. In organic LEDs it is often desirable to be able to tune 
charge transport so as to balance electron and hole currents. The dendron- 
controlled interlumophore spacing indicated in Fig. 8.3 and supported by the 
space-filling representations in Fig. 8.5 suggests that a facile procedure for tuning 
charge transport in dendritic systems is to simply vary the dendrimer generation, 
providing the dendrons do not participate in charge transport. Figure 8.9 displays 
current-voltage characteristics recorded for single-layer LEDs containing the four 
different generations of material 8 sandwiched between indium tin oxide (ITO) 
and aluminum electrodes [59]. The resistance of the layer increases monotonically 
with increasing generation and the devices turn on at higher fields. This is in 
agreement with the dendrons forcing the cores further apart and the average 
separation between the lower energy gap central lumophores of the dendrimer 
increasing. Interestingly, the dark current prior to turn-on of the diode also 
increases substantially with generation (whereas the current post turn-on 
decreases), which may be taken as a signature of enhanced charge trapping on 
the dendrimer cores due to increased spatial isolation [122]. 

The inset in Fig. 8.9 also shows the LED external quantum efficiency of the sin¬ 
gle-layer device as a function of generation. It increases exponentially with gen¬ 
eration. The fact that the single-layer device efficiency rises with increasing inter- 
molecular spacing arises due to the imbalance between hole and electron currents 
in the device. Whereas ITO forms a reasonable electrode for hole injection into 
the dendrimer layer, there is a substantial barrier to electron injection from the 
aluminum electrode. Balancing the minority and majority charge carrier currents 
can be achieved in two ways: by either changing one of the two barriers or by tun¬ 
ing the mobility. Whereas the device current-voltage characteristics are domi¬ 
nated by the hole majority carrier current, the light output is determined by 
the electron minority carrier current, which thus also controls the overall effi¬ 
ciency. Increasing the intermolecular spacing evidently results in a stronger re- 
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duction of the hole current than in the electron current, thereby leading to current 
balancing and more efficient recombination. This also results in the device effi¬ 
ciency becoming almost independent of the electron injection barrier for high 
generations, so that equally efficient devices could be realized using gold cathodes 
[59]. Apparently, hole and electron currents respond somewhat differently to the 
change in intermolecular spacing, which is most likely due to preferential trap¬ 
ping of electrons on the conjugated units [123]. Both transient photocurrents, 
which are sensitive to the majority carriers, and transient EL, which is dominated 
by the minority carriers, were investigated for device structures containing 8 [58]. 
Whereas the hole mobility determined from time-of-flight decreases by almost 
two orders of magnitude with increasing generation and provides values of an ef¬ 
fective (although dispersion limited) hole mobility within the semiconductor 
layer, transient EL shows little effect on generation [58]. Interestingly, mobility va¬ 
lues extracted from time-of-flight data can be used to model the current-voltage 
characteristics both of the devices shown in Fig. 8.9 [58] and of more recent phos¬ 
phorescent dendrimer structures [97], demonstrating the validity of controlling 
charge transport, i. e. mobility, by generation-controlled intermolecular packing. 

Tuning the transport properties of the dendrimer layers can be particularly use¬ 
ful in bilayer configurations. Although materials 8 were primarily conceived as 
emissive layers, they may also function as charge transporting materials in con¬ 
junction with an electron-transporting layer. Device efficiencies in such bilayer 
structures containing PBD as electron transporter were shown to depend sensi¬ 
tively on the hole mobility within the dendrimer and reached values of up to 
10 cd/A at low brightnesses of a few cd/m 2 [58]. Quantum efficiencies of 0.4% 
were attainable at brightnesses approaching 100 cd/m 2 . Similar results were 
also observed for bilayer structures comprising Alq 3 as an electron-transporting 
layer, although in this case emission from the Alq 3 predominated [58]. 


8.5 

Dendrimer Devices 

The first dendrimer LEDs reported by Wang et al. [18] based on 1 and 2 were 
rather rudimentary in their device characteristics. The quantum efficiencies 
could not be determined but were supposedly rather low, operating voltages 
were high and consequently the device operational stability was limited. The EL 
and PL exhibited a pronounced red-shift with respect to the solution spectra, in¬ 
dicating that the site-isolation effect did not grip satisfactorily in the solid state 
although the anticipated excitonic funnelling to the core of the structure occurred 
in the condensed phase. Efficiencies in subsequent reports by Halim et al. on ma¬ 
terial 12 remained relatively low (< 0.1 %) and driving voltages high [8], although 
the site isolation effect was conclusively demonstrated in structures 12-14 [11]. 
Most importantly, it was shown for the first time that materials with otherwise 
poor solution-processing properties such as distyrylbenzene, which constitutes 
a phenylene-vinylene trimer, could be deposited in high-quality films with only 
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minimal aggregation effects. Due to the continued interest in blue-emitting or¬ 
ganic semiconductors, this demonstration of employing rather short conjugated 
elements to achieve blue emission is significant. Site isolation and color purity 
in the solid state has since been demonstrated in most of the materials shown 
in Fig. 8.4. A first substantial increase in efficiency was reported for dendrimers 
8, where up to 10 cd/A could be reached at low current densities in bilayer con¬ 
figurations [58]. Besides the considerable color purity achieved, materials 8 also 
allowed a detailed study of the influence of dendronization on the photophysics 
and charge-transporting properties of Ji-conjugated molecules as described above. 

Functionalization of the surface groups to aid charge transport was explored in 
materials 11 [10] containing electron-transporting triazine units and in dendri¬ 
mers 2 [18], 6 and 10 [41, 70, 98, 104] that incorporated hole transporting triphe- 
nylamines and naphthyl diphenylamine terminations, respectively. Although blue 
EL could be observed from material 11 with a very low efficiency of 0.003 %, de¬ 
vices were found to be rather unstable. Improved quantum efficiencies of up to 
0.76% and power efficiencies approaching 1 lm/W could be achieved in devices 
containing 10 and BCP/Alq 3 hole-blocking/electron-injecting layers [70]. Blends 
of 6 and 10 were also explored, although this was found to lower the efficiency 
somewhat to 0.2% [70] due to charge-trapping effects. Respectable efficiencies 
of up to 0.5 % could also be achieved for low generations of the carbazole functio¬ 
nalized naphthalimide dendrimers [91]. Interestingly, the third-generation struc¬ 
ture 21 had a much lower efficiency and stability and much greater turn-on vol¬ 
tage than the first-generation material. Novel truxene-based dendrimers 22 were 
also recently explored [114]. These materials exhibited a strong PL broadening 
upon going from solution - where emission occurs in the UV at 360 nm - to 
the solid state. In contrast, the EL was found to be blue-green with up to 
0.15 % efficiency and peaked around 530 nm. This is very reminiscent of ketonic 
defects in polyfluorenes [124, 125], which are particularly prominent in EL [126], 
suggesting that emission in these materials occurs solely from defects. Interest¬ 
ingly, in contrast to the influence of site isolation on charge transport reported 
for the group of materials 8, the conductivity was found to increase dramatically 
upon dendronization, suggesting that in this case the dendrons participate 
actively in transport [114]. 

One of the motivations for using dendrimers is the facility of creating blends of 
different materials by ensuring compatibility of surface groups [127]. This was in¬ 
itially explored using the first phosphorescent dendrimers based on platinum-por¬ 
phyrins 13 blended into 8 and 9 [74]. High-quality mixed films could be obtained, 
which exhibited intriguing properties due to simultaneous emission from the 
singlet and triplet state in the blue and the red region of the visible spectrum. 
Charge trapping on the guest phosphorescent emitter was found to be a domi¬ 
nant process, but triplet-triplet or triplet-charge interactions also strongly influ¬ 
enced the device properties, resulting in a strong spectral dependence of the driv¬ 
ing conditions such as current and duty cycle. Blends of 6 and 10 were also ex¬ 
plored for balancing charge transport. Substantial charge-trapping effects were 
again observed in the blend, which was concluded to reduce the effectiveness 
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TCTA 



CBP 



Fig. 8.10 Structures of electron- and hole-transporting materials commonly used in combi¬ 
nation with dendrimers. TCTA: 4,4\4''-tris(N-carbazolyl)triphenylamine; CBP: 4,4'-bis-(N-car- 
bazolyl)biphenyl; TPBI: l,3,5-tris(2-N-phenylbenzimidazolyl)benzene; BCP: Bathocuproine; 
PBD: 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole. 


of elaborate charge-transporting surface groups [70]. More recently, dendrimer 
blending has been explored in fluorene-containing biphenyl dendrimers 18 and 
19 to achieve effective color tuning from the blue-green to the near UV, maintain¬ 
ing respectable quantum and power efficiencies of 1 % and 1.5 lm/W, respectively 
[111]. Dendrimers can also readily be blended with charge-transporting materials, 
which are usually evaporated in conventional devices. This allows a direct deposi¬ 
tion of multicomponent single layers from solution. Figure 8.10 lists some of the 
commonly used charge-transport materials, which are either used as matrices or 
as dopants. TCTA [128] and CBP are bipolar organic conductors, which are used 
as host matrices for the dendrimers. The dendritic structure of TCTA makes it 
particularly appealing for blending with dendrimers. PBD, BCP and TPBI [129] 
are electron-transporting/hole-blocking materials, where the star-like architecture 
of TPBI is again rather favorable. Interestingly, although a hole-injection layer of 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) on top of the ITO anode 
is often used in polymeric solution-processed devices and was employed in initial 
investigations on electrofluorescent dendrimers, it appears not to be necessary or 
beneficial in electrophosphorescent dendrimers. 

Substantial improvements in the device efficiency by almost two orders of mag¬ 
nitude could be achieved by blending the second-generation dendrimer 8 with 
PBD [130]. Whereas a simple bilayer structure containing a dendrimer layer 
and a PBD:poly(methylmethacrylate) layer only resulted in a small increase in 
overall efficiency, the optimal structures were found to consist of a graded inter¬ 
layer. This was fabricated by spin coating a doped dendrimer layer on top of a neat 
dendrimer layer from the same solvent, which resulted in partial but not com¬ 
plete dissolution [130]. Brightnesses of up to 900 cd/m 2 could be achieved. A 
similar approach was also pursued for the first-generation distyrylbenzene- 
cored biphenyl dendrimer 7, which exhibited a comparable efficiency and peak 
brightnesses of up to 4500 cd/m 2 , again emitting in the blue-green part of the 
spectrum [99]. The solid-state PL quantum efficiency remained comparatively 
low at 9 %, which implicitly limits the maximal achievable EL quantum efficiency 
of these materials to below 1 % taking into account the triplet-generation fraction 
and nonoptimized photonic outcoupling efficiency. 
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Although impressive achievements have been made with fluorescent organic 
dendrimers, the true power of dendrimer LED technology is manifested in 
metal-containing phosphorescent complexes. Triplet formation upon electrical in¬ 
jection is the most serious loss channel in organic LEDs. This can be overcome 
efficiently by incorporating phosphorescent triplet emitters into the organic 
layer [131], which has allowed the fabrication of devices with up to 20% external 
quantum efficiency and exceeding 70 lm/W power efficiency [132]. Phosphores¬ 
cent emitter technology has been most successful in evaporated small molecule 
LEDs, as polymeric hosts typically have low-lying triplet levels that interact unfa¬ 
vorably with the phosphorescent guest, quenching the triplet emission. Promis¬ 
ing results with power efficiencies of up to 24 lm/W from solution-processed ma¬ 
terials have, however, also recently been achieved with nonconjugated polymer 
matrices such as poly(vinyl-carbazole) doped with PBD and an iridium-based 
phosphorescent complex [133]. 

The first electrophosphorescent dendrimer reported was a platinum-porphyrin 
13 [74]. In these materials, the metallic atom enables strong spin-orbit coupling, 
which leads to spin-mixing of the singlet and triplet states and radiative emission 
from the otherwise dark triplet level. The efficiency of this material blended into a 
dendritic host was low, but the devices exhibited a number of intriguing transient 
properties due to the long-lived triplet state, such as a duty-cycle dependent emis¬ 
sion color [74]. However, the triplet lifetime of platinum-porphyrins, which con¬ 
trols the degree of emissive-site saturation, is almost two orders of magnitude 
greater than that of iridium-based complexes, which is why the research focus 
soon shifted to these materials [134]. An alternative approach to phosphorescent 
dendritic materials are polyamidoamine dendrimers decorated with ruthenium 
bipyridine groups 20 [113]. These orange-red emitting materials exhibited a de¬ 
crease in EL quantum efficiency from 0.22 % for the zeroth-generation chromo- 
phore to 0.05 % for 20 containing 32 chromophores, which also correlated with 
a decrease in solution PL efficiency. Interestingly, these transition-metal com¬ 
plexes are thought to lead to a considerable ionic mobility in the solid state, 
which also substantially affects the device stability and leads to an initial increase 
in efficiency with time [113]. 

The most successful dendrimer structures are based on transition-metal com¬ 
plexes [135] comprising an iridium coordination atom and phenylpyridine ligands 
[76]. Figure 8.11 shows luminance-efficiency curves for three device structures 
based on the first-generation dendrimer 4. Whereas a single-layer device of 4 
reaches a maximal quantum efficiency of 0.2 % [97], the efficiency can be in¬ 
creased by almost two orders of magnitude by blending the material in a suitable 
transport matrix and employing an additional electron-transport layer [76, 94]. 
The first structure characterized in Fig. 8.11 contains a spin-coated blend of 4 
and CBP, covered by a BCP electron-transport layer and a LiF/Al cathode. The ef¬ 
ficiency of the green-emitting device of over 20 cd/A is already impressive. It can 
be enhanced by switching to the more dendritic TCTA matrix, which yields a sub¬ 
stantial improvement to over 55 cd/A and 40 lm/W at the for dendrimers com¬ 
paratively low driving bias of 4.5 V required for a brightness of 400 cd/m 2 . 
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Fig. 8.11 Efficiency versus luminance of devices containing dendrimer 4 (I r(ppy) 3 ). The elec¬ 
tron-transporting BCP, respectively, TPBI layers were evaporated onto the spin-coated dendri- 
mer:CBP/TCTA blend. Reproduced from [76] with permission of Wiley-VCH Verlag GmbH. 


Besides the impressive efficiencies achieved in phosphorescent dendrimer 
LEDs, a further aspect is particularly noteworthy. Whereas the power efficiency 
naturally decreases with increasing driving current as the driving voltage rises 
simultaneously, both the quantum efficiency and the luminance efficiency are 
virtually independent of the driving current. This is surprising, as the efficiency 
in all previous phosphorescent organic devices was found to decrease strongly 
with increasing excitation density [136]. The conventionally observed decrease 
in efficiency with driving current is attributed to strong triplet-triplet annihilation 
due to the long lifetime of the triplet excitons [136]. Figure 8.11 clearly shows that 
a change of the triplet density by over an order of magnitude has no influence on 
the luminance efficiency. This suggests that interactions between the long-lived 
triplets may not be a performance-limiting problem. Alternatively, the metal- 
ligand charge-transfer state may be susceptible to electric-field induced dissocia¬ 
tion [137]. This effect depends on the energy-level offsets to the surrounding 
medium, i. e. the matrix. Surrounding the triplet emitter in a large bandgap den¬ 
dritic shell may substantially reduce this dissociation effect, but potentially also 
limit triplet-triplet and triplet-charge interactions, thus providing an explanation 
for the impressive device performance. 

Although the highest efficiencies have been demonstrated for devices contain¬ 
ing a spin-coated blend of transport and emitter materials covered by an evapo¬ 
rated transport layer, very high efficiencies of up to 10.4% (35 cd/A) have also 
been reported from purely solution-processed devices containing only one sin¬ 
gle-blended layer [94]. Both the hole-transporter CBP and the electron-transporter 
TPBI can be mixed with 4 to form high-quality films. In comparison to the par¬ 
tially evaporated devices, this results in an increase in operating bias, so that the 
maximum power efficiency of 12.8 lm/W at a brightness of 550 cd/m 2 is not 
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reached until a bias of 8.1 V. Nevertheless, it may be possible to improve this 
further in the future by employing additional injection layers. In either case 
the peak brightnesses reported approach 10 4 cd/m 2 , which should be sufficient 
for most applications. 

The effect of meta and para substitution of the biphenyl dendrons has also been 
explored in Ir(ppy) 3 dendrimers [93, 97]. For a given generation, para (3) rather 
than meta (4) linking of the dendrons increases the resistance of the organic 
layer. An even more substantial decrease in mobility is observed upon increasing 
dendrimer generation [97], comparable to the initial demonstration of mobility 
control in the fluorescent dendrimers 8 [58]. The greater resistivity in this case 
also leads to an increase of the single-layer device efficiency when compared to 
the meta-linked dendrons, which indicates more balanced charge transport, in 
analogy to the case discussed for 8 earlier on. The device efficiency can be sub¬ 
stantially enhanced by blending with CBP, in which case the meta-linked dendri¬ 
mer exhibits superior properties [93]. In the blend devices, the second-generation 
dendrimer was found to exhibit the lowest resistivity, in contrast to the neat de¬ 
vices. This was proposed to arise from preferential film formation properties of 
the higher-generation dendrimer due to the globular structure and decreased in- 
termolecular attractive forces. However, atomic force microscopy images of blend 
systems containing the different dendrimers 3-5 displayed no systematic differ¬ 
ence but excellent amorphous surfaces with a root mean square roughness of 
—2.5 nm [93]. 

The beauty of the transition-metal complexes is that small substitutions in the 
ligands can substantially alter the emission color. Choosing two phenylpyridyl 
ligands and one benzothienylpyridyl ligand in 15 leads to orange-red rather 
than green emission with an efficiency of 5.7% (4.5 lm/W) [107]. Substitution 
with three benzothienylpyridyl ligands in 16 results in a deep red emission 
with a slightly lower efficiency of 4.25 % (1 lm/W) due to the lower PL quantum 
yield. In both cases devices were fabricated by blending the active material with 
CBP and subsequently covering the film with a TPBI layer. Substitution of the 
dendrons by electronically active fluorene units attached to the Ir(ppy) 3 core in 
structure 17 has also been reported [109]. Such devices also exhibited very high 
luminance efficiencies of up to 50 cd/A and 30 lm/W in optimized device struc¬ 
tures comprising a blend of CBP and TPBI containing the active dendrimer and 
covered with an electron-transporting TPBI layer. As in the case of the truxene 
dendrimers 22 it appears that the fluorene units actively participate in charge 
transport [114]. As both polyfluorenes [138] and dendritic bifluorenes [110] exhibit 
excellent nondispersive charge-transporting properties, they appear to be very 
promising materials for inclusion in the dendrimer structure. 



286 


8 Dendrimer Light-Emitting Diodes 


8.6 

Dendronized Polymers 

In parallel with the development of dendrimers as novel EL materials, there has 
been considerable interest in controlling the bulk photophysical and transport 
properties of conjugated polymers by using spacer structures. Intermolecular in¬ 
teractions play an important role in the photophysics of conjugated polymers, so 
that controlling the microscopic packing by careful sidegroup substitution appears 
a reasonable way to alleviate potential problems. In addition, the on-chain mobility 
of charge carriers is typically orders of magnitude greater than the interchain mo¬ 
bility, so that an ideal polymeric semiconductor should facilitate charge transport 
between chain ends rather than between chromophore units located within the 
polymer. Although some interesting chemical structures have been reported in 
the context of dendronized polymers, it is important to realize that the interpreta¬ 
tion of physical data becomes somewhat more complex than when dealing with 
well-defined monodisperse dendritic macromolecules. A particular issue that 
has attracted widespread attention was the suppression of long-wavelength emis¬ 
sion in otherwise blue-emitting polyfluorenes. The long-wavelength band was in¬ 
itially attributed to aggregate or excimer emission, although it could later be con¬ 
clusively demonstrated that it is primarily due to a localized chemical defect on the 
polymer backbone [124, 125]. Initial studies of dendronized polyfluorenes indeed 
suggested that the long-wavelength emission could be suppressed by dendroniza- 
tion with polyphenylene sidechains [139], with no or little detrimental influence 
on charge transport [140]. Alternative approaches to dendronization of polyfluor¬ 
enes included decoration with poly(benzyl-ether) dendritic wedges [141]. Detailed 
studies of both long-lived (polarons and triplets) and short-lived (singlets) photo¬ 
excitations were carried out. Whereas the dynamics particularly of the triplets was 
found to be consistent with increased intermolecular spacing [142], the influence 
of dendronization on the photophysics of the singlet is much more subtle [143]. 
Contrary to expectation, no change in the delayed fluorescence from dendronized 
polyfluorenes was observed when compared to nondendronized analogous com¬ 
pounds [143]. A substantial spectral broadening was, however, detected for the 
prompt fluorescence upon dendronization, which was interpreted as a signature 
of considerable steric frustration of the molecule. In contrast to monodisperse 
macromolecular dendrimers, where the influence of dendronization is very 
clear cut [60], the correlation between structural modification through dendroni¬ 
zation and photophysical properties in polymeric systems is somewhat more com¬ 
plicated. An impressive demonstration of the benefit of dendritic encapsulation 
was a drastic reduction in concentration quenching of rod-like poly(phenyle- 
neethynylene) covered with poly (benzyl-ether) [144]. This investigation proved 
that the site-isolation effect can also occur in polymers. Time-resolved PL mea¬ 
surements on dendronized PPVs also suggested a reduction in aggregation 
[145]. However, in contrast to monodisperse dendrimers, dendronized polymers 
have yet to achieve a substantial gain in comparison to nondendronized analogs 
in terms of operational stability and efficiency. 
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A considerable motivation for dendronizing conjugated polymers is to enhance 
the light-collection efficiency in photovoltaic applications. As the polymer back¬ 
bone can potentially exhibit rather efficient intramolecular excitation-energy 
transfer [146], surrounding the backbone with light-harvesting dendrons is ex¬ 
pected to be beneficial. This concept has been explored in the context of hyper- 
branched polymers [17, 147]. Although the efficiencies reported are still subject 
to improvement, the concept may become of interest when designing more 
sophisticated multifunctional materials combining, for example, both hole- and 
electron-transporting properties. As efficient photovoltaic applications require 
both rapid exciton dissociation as well as balanced transport of electrons and 
holes away from the reaction center to avoid recombination, considerable work 
will have to be invested to prevent dendronization from inhibiting transport of 
either carrier. 

Finally, an interesting approach to spatially insulating conjugated segments of 
polymers akin to the overall theme of dendronization is to exploit supramolecular 
architectures by threading cyclodextrane units onto polymer chains to form poly- 
rotaxanes [148]. Whereas virtually all of the dendronization processes discussed 
thus far are purely covalent in nature, such a supramolecular assembly actually 
closely mimics nature by relying on noncovalent interactions such as hydrogen 
bonds. Natural light-harvesting complexes, after all, are highly complex systems 
that are predominantly assembled through comparatively weak intramolecular 
forces. Covering a hydrophobic conjugated polymer with hydrophilic cyclodex- 
tranes allows the fabrication of well-defined molecular wires with increased phys¬ 
ical dimensions [148]. Although the spectral shifts observed when compared to 
neat polymeric materials most likely arise due to steric effects, as in the case of 
covalently bonded spacers [139], encapsulation of the polymer chain does improve 
the physical properties. Surprisingly, encapsulation by electrically insulating 
spacers was not found to be overly detrimental to charge transport, and EL 
could be observed from single-layer devices containing the polyrotaxane [148]. 
Dilution allows the identification of isolated molecular wires using atomic force 
microscopy, which opens up a pathway to direct mechanical manipulation of 
the polymer chain. As the method can be applied to various organic syntheses, 
it may constitute a route to designing more complex three-dimensional organic 
supramolecular structures. 


8.7 

Conclusions 

Dendrimers as active materials for LEDs have been researched now for almost 
eight years and enormous progress has been made in this time both in terms 
of synthetic procedures as well as and in particular with respect to device perfor¬ 
mance. Research into dendrimer-containing LEDs combines fundamental aspects 
of organic semiconductor physics, novel and highly sophisticated organic syn¬ 
thetic chemistry and elaborate device technology. Dendrimers provide a model ex- 
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ample of the methodology of scientific research. Starting out from mere curiosity, 
they have developed into a key technology and now constitute one of the most ef¬ 
ficient electrical light sources known. This is surely an impressive feat, consider¬ 
ing the sheer volume of input generated into organic and metallorganic chemistry 
by the systematic research into dendrimers. Dendrimer LED technology is now 
actively being researched in an industrial environment and forms an integral 
part of the materials strategy of Cambridge Display Technology [149]. There re¬ 
mains, however, plenty to do. Thus far, reports on the operational stability of den¬ 
drimer LEDs have been few, and - although there is no reason to doubt that this 
will be successful - it has yet to be demonstrated that the technology can compete 
with existing material classes in terms of operational lifetime requirements. Also, 
blue phosphorescent emitters are still actively sought [150], and only a few con¬ 
cepts are available of how to achieve this, the main problem being the require¬ 
ment of the host matrix to have a very high-lying triplet level to prevent triplet 
quenching. It remains to be seen whether the route to blue dendritic phosphor¬ 
escent emitters will follow the iridium chemistry currently pursued or whether 
alternative metallic complexes can be developed. A substantial role of dendrimers 
in developing wide gap hosts is also to be anticipated. 

As Matthews, Shipway and Stoddart put it in their review “Dendrimers - 
Branching out from curiosities into new technologies” a mere 6 years ago: 
“There must somewhere be a dendrimer ‘El Dorado 7 waiting to be discovered” 
[151]. Although it indeed looks like the key to this magic chest has now been 
turned, the rapid development of dendrimer technology holds promise for even 
more sophisticated applications in the future. The intrinsically modular concep¬ 
tion of dendrimers, together with the increasingly exploited power of molecular 
self-assembly, allow the prediction that dendrimer technology will further the con¬ 
struction of ever more sophisticated electronically active supramolecular units for 
future generations of molecular electronics. 
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9 

Crosslinkable Organic Semiconductors for Use in Organic 
Light-Emitting Diodes (OLEDs) 

Klaus Meerholz, Christoph-David Muller, Oskar Nuyken 


9.1 

Introduction 

The display market is currently one of the fastest growing high-tech areas, driven 
by novel developments in the areas of digital cameras, cellular phones or similar 
portable electronic devices. A relatively young technology are organic light-emitting 
diodes (OLED), which may become a strong competitor for traditional liquid-crys¬ 
tal technology (LCD) in the near future. The attractive features of this novel tech¬ 
nology are the thin device structure, low weight, the possibility to fabricate on 
flexible substrates, high brightness even at low energy consumption, large view¬ 
ing angle, and potentially low production cost, promising innovative products for 
display and lighting applications. 

Today, monochrome OLED displays are integrated in many commercial prod¬ 
ucts, such as shavers (Phillips), car stereo (Pioneer) and cellular phones (Sam¬ 
sung). Recently, Kodak presented a digital camera featuring a 2-inch diagonal 
RGB OLED display. Larger displays have been fabricated in the labs of the leading 
display companies. Although they are currently still too expensive this technology 
will certainly make its way and become a commercial success. 

The fabrication of OLEDs involves the deposition of one or more layers of or¬ 
ganic semiconductors onto the transparent anode, indium tin oxide (ITO) in 
most cases, often coated with a hole-injection layer. Generally, two classes of de¬ 
vices are distinguished, according to the materials involved and - as a result of 
this - the fabrication process: 

1) vacuum sublimation of small molecules; 

2) wet-chemical deposition of conjugated oligomers and polymers. 

Finally, a low work function metal is vacuum deposited as the cathode for electron 
injection. Upon application of a voltage, both types of charge carriers (electrons and 
holes) are injected and move towards each other by hopping [1]. Once a hole and an 
electron meet on an active site they combine to form an exciton, which can relax to 
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its ground state by emitting a photon. According to basic quantum-mechanical 
spin statistics the excitons are 25 % singlets and 75 % triplets. This is why recently 
much effort is being devoted to developing triplet-emitting devices [2]. 

Overall, the vacuum-deposited small-molecule OLED have advantages in some 
device-performance aspects, in particular when it comes to device lifetime. How¬ 
ever, the sophisticated instruments lead to relatively high production cost, which 
increase superlinearly with the area to be coated. By contrast, due to the simplicity 
of the solution processing and the reduced instrumental cost, deposition from so¬ 
lution by spin- or dip-coating, screen and inkjet printing, etc. appears more attrac¬ 
tive than vacuum techniques. Two issues are of particular importance: 

Multilayer capability: Until now, the brightest and most efficient organic light- 
emitting devices (OLEDs) were realized using multilayer structures, consisting of 
an emission layer (EML) sandwiched between hole- and electron-transport layers 
(HTL and ETL, respectively). This general structure serves three main purposes: 
(1) it facilitates carrier injection into the devices by reducing the respective injec¬ 
tion barriers, (2) one type of carrier (e. g. holes) is blocked by the opposite trans¬ 
port layer (in this case the ETL) after passing through the EML, thereby enhan¬ 
cing the recombination efficiency; and (3) quenching reactions of excitons at 
the electrodes are avoided. The most common method for building such multi¬ 
layer OLED structures is successive vacuum deposition of the compounds. By 
contrast, the fabrication of multiple-layer structures from solution is not that 
simple: it is of crucial importance that previously deposited layers are absolutely 
resistant against the solvent used to deposit an additional layer. 

Full-color capability: The main target for OLED technology is the field of full- 
color displays (red/green/blue, RGB). Thus, means to deposit the materials 
with high local resolution on the pixels of an active-matrix substrate are required. 
Using vacuum deposition, this is commonly obtained using shadow masks. An¬ 
other technique for the controlled deposition of small molecules and certain poly¬ 
mers is laser-induced thermal imaging (LITI) [3, 4]. For the wet-chemical fabri¬ 
cation of RGB devices current research efforts are directed towards adaptation 
of well-established printing techniques such as screen and ink-jet printing. Due 
to its simplicity, conventional lithography using photoresists (compare fabrication 
of integrated circuits) could be a powerful technique to achieve high resolution. 

This chapter is focused on solution-processible materials and discusses va¬ 
cuum-deposited approaches for qualitative comparison only. It is organized as 
follows: in Section 9.2, we first lay out general considerations about producing 
multiple-layer devices by solution processing. This is followed by reviewing the 
various routes towards developing crosslinkable materials. Section 9.3 reviews 
the patterning methods to create RGB(W)-displays, emphasizing the lithographic 
application of photochemically crosslinkable materials discussed earlier. Finally, 
we draw some general conclusions (Section 9.4). 
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For the fabrication of multiple-layer structures from solution it is of crucial 
importance that previously deposited layers are absolutely resistant against the 
solvent(s) used to deposit the subsequent layer(s). One distinguishes three 
approaches: (1) orthogonal solvents, (2) change of polarity, and (3) polymeriza¬ 
tion/crosslinking. In the following, we briefly discuss some aspects relevant to 
these three approaches. 

1) The simplest idea is to use “orthogonal” solvents for the individual layers, i. e., 
such that the solvent used in a deposition does not dissolve the previous 
layer(s). The most prominent example of such an approach is the conductive 
polymer PE DOT, which is commonly used as a hole-injecting anode and is 
deposited from an aqueous suspension. Organic layers can be deposited on 
top of the PE DOT layer without problem. 

When is comes to depositing several layers from organic solvents, however, 
very often complete nonsolubility cannot be reached, leading to intermixing 
of the components at the interface. Furthermore, the number of layers is 
very limited, since only very few solvents can be used to dissolve typical 
OLED materials. 

2) Secondly, the polarity/solubility of the material can be changed. This approach 
has barely been followed. One prominent example, however, is the first lumi¬ 
nescent polymer, poly(p-phenylenevinylene (PPV), which was obtained via a 
polar sulfonium precursor [5]. Here, the ionic precursor can be transformed 
thermally into a nonpolar polymer, which is insoluble in all organic solvents 
(Fig. 9.1). 

Another example is the use of polyimides as inert binder for low-molecular- 
weight semiconductors. Upon thermal curing, the soluble polyimide precur¬ 
sors (polyamic acids) form insoluble polyimides. This concept was used as 
an alignment layer in OLEDs exhibiting polarized emission [6]. 

3) Finally, reactive (polymerizable) moieties can be introduced that can be poly¬ 
merized after deposition. For this purpose soluble precursors, low-molecular 
weight as well as polymeric ones, with one (polymerization reactions) or two 
(polycondensation and polyaddition reactions) such reactive groups are 
required. After evaporation of the solvent the reaction is initiated, yielding a 
linear polymer (side-chain for polymerizations; main-chain for polycondensa- 


Fig. 9.1 Formation of 
PPV via sulfonium pre¬ 
cursor route. 
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Fig. 9.2 

(a) Scheme for the 
dimerization of 
trifluorovinylethers; 

(b) chemical structure 
of the precursor used 
by Gong et al. [8]. 


tion and polyaddition) with increased molecular weight. Thus, by selecting the 
right monomers the solubility of the resulting polymer will be significantly 
reduced, allowing, in principle, deposition of multiple layers. However, prob¬ 
lems of intermixing cannot be entirely excluded. 

An example of this material class was given by Jiang et al. [7] and Gong et al. 
[8], who reported on the use of trifluorovinylethers with two pendent triaryla- 
mine units per repeat unit (see Fig. 9.2). These materials can be cured ther¬ 
mally at 225°C via cyclopolymerization (polyaddition reaction). The introduc¬ 
tion of this layer into A1Q3 bilayer devices reduced the onset voltage, while 
keeping the efficiency unaffected [7]. In a yellow-emitting PPV-based device 
the same performance as in the PEDOT reference was obtained. In a blue- 
emitting device, the efficiency was improved by about one order of magnitude 
[ 8 ]. 

Ideally, more reactive groups are introduced, at least two (polymerization reac¬ 
tions) or three (polycondensation and polyaddition reactions), to yield abso¬ 
lutely insoluble crosslinked layers (Fig. 9.3). The next layer can then be pre¬ 
pared without negative impact on the underlying one, and the process can 
in principle be repeated without limitation. 

The technically important criteria for the use of polymerizable or crosslinkable 

materials, respectively, are: 

1) The precursors syntheses have to be compatible with the synthetic routes com¬ 
monly used for the preparation of state-of-the-art materials, i. e., the reactive 
group has to be stable under the conditions to prepare the precursor and 
only become reactive upon initiation. 

2) Generally, the polymerization is accompanied by a volume shrinkage of the 
materials, which may lead to mechanical stress in the film. This has been 
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Fig. 9.3 Cartoon of the fabrication of crosslinked layers. The functional unit (i.e. the semi- 
conductive unit) is shown in green, the reactive unit in red. The spacer between them is shown 
as a black line. The material is dissolved in a suitable solvent, spin coated on the top of the 
substrate, and finally cured to yield an insoluble polymer network (red line). Multiple-layer 
structures are obtained by repeated deposition and curing. 


speculated to be responsible for rather low lifetime of OLED devices. Thus, the 
volume reduction upon curing should be as low as possible in order to avoid 
this problem. 

3) The electrical and optical properties as well as the device lifetime should not be 
negatively affected by the curing procedure. 

4) Byproducts of the polymerization should have no influence on the perfor¬ 
mance of the devices. 

In the following sections, we give an overview of the various attempts to fabricate 
crosslinked layers for use in multilayer OLEDs categorized by the reactive group 
used in the precursor materials. We start with the [2+2] cycloaddition of cinna- 
mates and the radical polymerization of acrylates and styrene derivatives. The em¬ 
phasis of the chapter is on our own work, which is focused on the cationic ring¬ 
opening polymerization (CROP) of oxetane-functionalized materials. Finally, we 
summarize the less-frequently employed synthetic routes. 

9.2.1 

[2+2] Cycloaddition of Cinnamates 

The [2+2] cycloaddition of cinnamates and related compounds was frequently 
used in conventional photoresist technology [9]. The general reaction scheme is 
shown in Fig. 9.4. 

The first example of using the [2+2] cycloaddition for crosslinking of organic 
semiconductor layers was reported in 1997 by Remmers et al. [10]. It was a 
derivative of poly-p-phenylene (PP) deposited by the Langmiur-Blodgett (LB) 
technique (Fig. 9.5(a)). Polarized absorption and fluorescence of the films was 
reported, but no OLED devices were fabricated. 

The next two examples were (meth-) acrylates. Li et al. [11] found that the PPV 
oligomer used as emitting unit (Fig. 9.5(b), right-hand side) was partially decom- 
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Fig. 9.4 Scheme for the [2+2] cycloaddition of cinnamates. 


b) c) 



Fig. 9.5 Chemical structures of the precursors used in the [2+2]-cycloaddition approach: 
(a) Remmers et al. [10], (b) Li et al. [11], (c) Le Barny et al. [12], (d) Zhang et al. [13], and 
(e) Domerq et al. [14]. 
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Fig. 9.6 Influence of UV-irradiation on the OLED performance in side-chain hole-conducting 
polymers containing cinnamic acid groups. Left: External quantum efficiency of UV-irradiated 
(D) and nonirradiated (C) devices based on a material shown in Fig. 9.5(d) (adopted from 
Zhang et al. [13]); Right: Normalized quantum efficiency as a function of the UV energy for a 
series of devices based on a material shown in Fig. 9.5(e) (adopted from Domerq et al. [14]). 


posed during UV-illumination used to initiate the cycloaddition, as evidenced by 
reduced photoluminescence. The solubility was not tested after curing. Single¬ 
layer devices were fabricated. Le Barny et al. [12] fabricated bilayer devices 
using their crosslinkable TPD-based hole-conducting material (Fig. 9.5(c)) and 
4-amino-naphthalamindes as the emitter. 

In another [2+2]-approach, Zhang et al. [13] also reported the partial decompo¬ 
sition of the hole-transport units (Fig. 9.5(d)) during UV-exposure. As a result, the 
current throughput, the light output and the efficiency of devices using vacuum- 
deposited A1Q3 as the emitter all decrease upon crosslinking (see Fig. 9.6(a)). 

Finally, Domerq et al. [14] found that the external quantum efficiency of OLEDs 
using A1Q3 as the emitting material depended on the ionization potential of the 
hole-transport units (Fig. 9.5(e)), in agreement with previous reports on TPD-type 
materials in small-molecule OLEDs. By optimization of the UV exposure dose 
(see Fig. 9.6(b)) no loss of either the device efficiency or the lifetime was observed 
upon crosslinking the hole-transport polymer. However, the lifetime of the cross- 
linked devices was much shorter than for the vapor-deposited devices. An all-spin- 
coated 3-layer device using two hole-transport layers with graded ionization po¬ 
tential and an emission layer consisting of A1Q3 in polystyrene was fabricated. 

9.2.2 

Radical Polymerization 

The general polymerization schemes of dienes and acrylates are shown in Fig. 9.7: 

Bacher et al. [15] reported on a series of triphenylene derivatives with one, two 
or three reactive acrylate units for crosslinking (Fig. 9.8(a)). No influence of the 
number of acrylate units on the degree of crosslinking was reported. Bi-layer 
OLEDs with the triphenylene as hole-transport agent and vapor-deposited A1Q3 
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soluble 



insoluble 



Fig. 9.7 Schemes for 
the polymerization of 
dienes and methacry¬ 
lates. 




as the emitter were fabricated. Kock and de Ruiter [16] used a polythiophene 
derivative with pending acrylate groups as a negative resist for preparation of 
EB lithographic conductive patterns (Fig. 9.8(b)). 

Contoret et al. [17, 18, 19, 20] prepared a series of fluorene-based liquid crystal¬ 
line (nematic) fluorophores with a variety of reactive groups on both ends (Fig. 
9.8(c)). After crosslinking the films yielded polarized emission. In some cases, 
crosslinking was found to increase the PL efficiency [18]. Probably as a result 
of this, crosslinked OLED devices showed stronger EL than noncrosslinked 
ones under the same drive voltage (Fig. 9.9, right). These findings were explained 
with a reduced number density of traps or a decreased exciton diffusion length. 
The current throughput in the crosslinked device was increased by two orders 
of magnitude after crosslinking (Fig. 9.9, left), indicating that the efficiency was 
reduced. 

Chen et al. [21] and Klarner et al. [22] reported on a class of triphenylamines 
and polyfluorenes (Fig. 9.8(d)) with reactive styrene groups for crosslinking. Cur¬ 
ing was performed thermally at 175-200 °C for 10-60 min. Network formation 
within the emitter was found to inhibit subsequent excimer formation. Triple¬ 
layer OLEDs, comprising a crosslinked hole-transporter, crosslinked emitter, 
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Fig. 9.8 Chemical structures of the precursors used in the radical polymerization approach: (a) 
Bacher et al. [15], (b) Kock et al. [16], (c) Contoret et al. [17-19], and (d) Klarner & Chen et al. 
[ 21 , 22 ], 


and noncrosslinked electron conductor, show the highest efficiency, brightness 
and saturation of blue emission [21]. 

Bellmann et al. [23] reported on a series of hole-transporting triphenylamines 
based on polynorbonenes. The polymer, formed by ring-opening metathesis poly¬ 
merization, contains double bonds, which are crosslinked by UV irradiation via a 
mechanism not fully investigated. However, in their best case crosslinking 
reduced the efficiency based on the emitter A1Q3 by factor of two approximately 
(Fig. 9.10). 
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Fig. 9.10 Study of UV-curable polynorbonenes: (a) Chemical structures of the precursor 
polymers; (b) effect of UV-crosslinking of the polynorbonene-based HTL on the external quan¬ 
tum efficiency of OLEDs of the structure ITO/HTL/AlQ3/Mg. 
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Oxetane-bearing organic semiconductors are the most successfully used group of 
materials used so far in crosslinked OLEDs. By simple functionalization the oxe- 
tane group can be introduced into almost all traditional materials commonly used 
in the OLED field. One unique feature of the oxetane group is that it is inert 
under the strongly basic conditions of transition-metal-catalyzed coupling reac¬ 
tions, which are most often the essential step in realizing high-performance 
OLED materials (e. g. Suzuki or Hartwig-Buchwald coupling). Chemical side 
reactions caused by the presence of oxetanes are thus not expected, so an easy 
integration in the commonly used synthetic routes is possible. Furthermore, 
oxetanes are well-known for their low volume shrinkage (< 5 %) upon polymer¬ 
ization [24]. 

Figure 9.11 shows the reaction scheme that is generally accepted for the catio¬ 
nic ring-opening polymerization (CROP) of oxetanes [25, 26, 27, 28]. Usually, so- 
called photoacids are employed to start the polymerization [29, 30]. Typical exam¬ 
ples are onium compounds (Y + (Ar) n X“) such as iodonium (n = 2) and sulfonium 
(n = 3). X“ are non-nucleophilic counter ions such as BF 4 “, PF 6 “, AsF 6 “ and SbF 6 “. 
The nature of the compensating anion strongly influences the reactivity and the 
yield by complexing the reactive site [29], while leaving the decomposition rate of 
the initiator unaffected. There is no formal termination step of the CROP poly¬ 
merization under the conditions used to process OLEDs (inert atmosphere, i. e. 
in the absence of water and oxygen). 

In the presence of conjugated aromatic units such as in typical semiconductive 
organic materials the reaction may be sensitized by the active compound [31, 32]. 
This applies in particular, when light of a wavelength longer than the absorption 
band of the photoacid (7 > 350 nm) is ultilized. The key step of photosensitiza¬ 
tion is the photoinduced electron transfer (PET) from the organic semiconductor 
to the photoacid, leading to the formation of a radical cation (organic semiconduc- 


R R R 



Fig. 9.11 Scheme of the cationic ring-opening polymerization of oxetanes. 



Fig. 9.12 Chemical structures of photoinitiators used in the CROP of oxetanes. 
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Fig. 9.13 Scheme for the generation of protons via photoinduced electron transfer (PET). 

PS refers to a generic photosensitizer, e.g. a TPD-unit in a hole-transport material. Ph indicates 
the phenyl units in the photosensitizer (compare Fig. 9.12). 


tor) and the reduction of the formerly positive charged initiator, yielding a neutral 
radical (Fig. 9.13). The initiator radical is highly unstable (estimated lifetime 
~ 200 ps) and decomposes irreversibly to form a neutral fragment, which can 
be removed by washing with a solvent, and a highly reactive phenyl radical. 
The latter reacts predominantly by combination with the aromatic radical cation, 
finally leading to the abstraction of a proton and initiation of the CROP. 

Alternatively, undesirable side reactions may lead to persistent cation radicals. 
Due to these side reactions doping (p-type) of the organic semiconductor may 
occur, leading to a higher conductivity, but lower luminescence efficiency 
(photo and electroluminescence). However, by chemical or thermal (post-bake 
step at 180 °C) treatment, complete dedoping is possible and the luminescence 
efficiency is fully recovered. Additionally, in some cases the cation radical is 
able to attack the oxetane through nucleophilic reaction and ultimately start the 
same chain reaction as above [33]. 


9.2.3.1 Hole Conductors 

A large variety of low molecular weight (Fig. 9.14) and polymeric (Fig. 9.15) oxe- 
tane-functionalized hole conductors has been synthesized. 

The oxetane-derivatized hole conductors span a broad range of redox potentials 
between 0.0 and 0.5 V vs. the ferrocene/ferrocenium redox couple, which is a stan¬ 
dard reference in organic electrochemistry. Thus, this class of materials is ideally 
suited to bridge the gap to low-lying HOMO levels of an emitter polymer. This 
becomes particularly important for blue-emitting polymers such as polyfluorenes. 
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c) 


Fig. 9.14 Chemical structures of oxetane-functionalized low-molecular-weight hole conductors: 
a) derivatives of TPD [34, 35, 36], b) hyperbranched triarylamine [35], and c) liquid-crystalline 
bisbenzthiazole derivative [64]. 



c) 

Fig. 9.15 Chemical structures of oxetane-functionalized polymeric hole conductors: (a) non- 
conjugated main-chain polymers including TPD-type units [37], (b) polystyrene-based side-chain 
polymers with pendant TPD-type units [38], and (c) conjugated poly-TPD-type main-chain 
polymers [39]. 
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Fig. 9.16 Performance of blue-emitting OLEDs based on crosslinked hole-transport layers 
(X-HTL) and a spirobifluorene-cofluorene derivative (PI [41]). The devices had the general 
structure ITO/X-HTL (x nm)/Pl (80-x nm)/Ca (100 nm), the reference device ITO/PEDOT 
(30 nm)/Pl (80 nm)/Ca (100 nm). Left: voltage dependency of the current and the efficiency. 
Right: Dependence of the maximum efficiency on the thickness of the X-HTL. The numbers 
indicate the voltage at which the maximum occurs. The chemical structure of the crosslinkable 
hole conductor used in this study is shown as an inset. 


By subsequent deposition of crosslinked hole conductors with increasing redox 
potential, so-called “electronic stairs” can easily be fabricated. Those “electronic 
stairs”, introduced underneath HTLs between the anode and an endcapped poly- 
fluorene derivative lead to an increase in efficiency by a factor of three [40]. 

Figure 9.16 shows the effect of replacing the commonly used PEDOT layer by a 
crosslinked hole-transport layer (X-HTL) underneath HTLs between the anode 
and the blue-emitting spirobifluorene-cofluorene (Fig. 9.19(c)). In comparison 
with the reference device, which uses PEDOT as the anode (absent in the 
X-HTL devices) the efficiency is improved, but the onset voltage is slightly in¬ 
creased, due to the increased layer thickness. By variation of the thickness ratio 
of the hole-conducting and the emitting layer while maintaining an overall thick¬ 
ness of 100 nm, the onset voltage could be decreased dramatically. This arises 
with a further increase of efficiency (up to a factor of 1.5), and an overall device 
performance superior to the PEDOT reference device. 

Similar improvements by introducing a hole-conductive interlayer have been 
obtained with many other emitting polymers [42]. Recently, record efficiencies 
of 67 Cd/A (65 lm/W, respectively) were achieved with a green phosphorescent 
system using a double injection layer (Fig. 9.17), in which the internal quantum 
efficiency approached unity [43]. This performance is similar to those obtained 
with small molecules [2]. 
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Fig. 9.17 Performance of a device ITO/PEDOT (30 nm)/x-HTLl (20 nm)/x-HTL2 (20 nm)/ 
PVK:PBD: Ir(mppy) 3 /LiF/AI. The chemical structures of the green-emitting phosphor and both 
crosslinkable hole conductors are shown as inserts, respectively [43]. 


The last example of this section deals with the optical function of hole-transport 
layers. In OLEDs some light is waveguided in the combined anode/organic layers 
due to total internal reflection [44]. By increasing the thickness of the hole con¬ 
ductor the emitter can be optically decoupled from the contact. In a series of 
devices with increasing thickness of the hole conductor, deposited subsequently 
from solution, it was shown that a HTL thickness larger than 300 nm was neces¬ 
sary to accomplish this. As a very sensitive measure the threshold of amplified 
spontaneous emission (ASE) was used (Fig. 9.18, [45]). This is an important result 
with respect to a potential electrically driven organic laser diode. 


Fig. 9.18 ASE threshold of a 
200-nm thick MDMO-PPV layer 
as a function of the x-HTL layer 
thickness for samples on ITO 
(solid symbols) and on glass only 
(open symbols; for details see Ref. 
[45]). The chemical structures of 
the emitter and the hole conduc¬ 
tor used for this study are shown 
as insets. 



Power efficiency (Im/W) 
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9.2.3.2 Emitters 

The first oxetane-functionalized emitter were pyrene derivatives (Fig. 9.19(b), 
[46]), however, with very limited performance in OLEDs. Later, a poly(pheny- 
lene-fluorene)-copolymer was reported, however, without any electrolumines¬ 
cence data (Fig. 9.19(c), [47]). The breakthrough came with a recent report on a 
crosslinkable class of state-of-the-art spirofluorenes (Fig. 9.19(a), [48, 49]). By in¬ 
corporating a green- and red-emitting comonomer, it was possible to generate 
the three primary colors (RGB) necessary for color-display applications. More re¬ 
cent concepts use sterically hindered 9,9’-diarylfluorene blocks to link conjugated 
oligomers (Fig. 9.19(d), [50]). 

Generally, OLEDs made from the crosslinked emitter polymers exhibit some 
important advantages over their noncrosslinked references [49]: (1) they exhibit 
identical, if not even slightly improved maximum efficiency y mSLX . (2) the turn¬ 
on voltage for light emission is slightly reduced. (3) The efficiency at high lumi¬ 
nance is slightly higher. (4) Finally, crosslinked devices can be operated at higher 
current density before breakdown occurs. 

If the emissive polymers were deposited on top of each other, simple additive 
color mixing is possible (Fig. 9.20). 



Fig. 9.19 Chemical structures of oxetane-functionalized emitters: (a) low molecular weight 
pyrene-based emitter [46], (b) poly(fluorene-phenylene) copolymer [47], (c) spirobifluorene- 
cofluorene RGB emitter polymers [48], and (d) fluorene-bridged co-oligomers [50]. 
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Fig. 9.20 E mission spectra (left) of OLEDs of the general structure ITO/PEDOT/1. Layer/ 

2. Layer/Ba/Ag. For both layers, which had identical thickness, the three primary colors RGB 
were varied. The color impression is shown on the right-hand side. 


9.2.3.3 Electron Conductors 

The number of crosslinkable electron conductors is relatively small compared to 
the number of hole-conducting materials. A series of oxetane-functionalized oxa- 
diazoles was synthesized [51]. Unfortunately, due to the relatively strong basicity 
of the two nitrogen atoms in the oxadiazole ring, the reaction was strongly inhib¬ 
ited. An excess of more than 50wt% of the initiator was necessary to start poly¬ 
merization in solution. This is of course unacceptable for application in OLEDs. 

Fig. 9.21 Chemical structures of 
oxetane-functionalized electron con¬ 
ductors: oxadiazole derivatives (Y = O, 

[51, 64]) and thiadiazole derivatives 
(Y= S [64]) 



9.2.4 

Alternative Approaches 

Li et al. [52] reported on a derivative of tritolylamine (TTA) with three trichlorosi- 
lane groups as reactive units (Fig. 9.22(a)). In the presence of water, 3-dimen¬ 
sional silica networks exhibiting hole-conductive properties were formed. 

Recently, Yan et al. [53] reported on a similar bis(trichlorosilyl)-derivatized TPD 
(Fig. 9.22(c)). This was used to from thin, self-assembled layers of 1.8 nm on ITO. 
The introduction of this layer improved the efficiency compared with a reference 
device using bare ITO as the anode and a green-emissive polymer. They also 
crosslinked the compound within a blend with a hole-conducting polymer onto 
PEDOT/PSS. Overall, a factor of about two improvement was achieved, yielding 
very efficient green-emitting diodes (17 Cd/A). 
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Fig. 9.22 

(a) Scheme for the 
hydrolysis of tri- 
chlorosilanes; 

(b) , (c) Chemical 
structures of the 
precursors used 
by Li et al. [52] and 
Yan et al. [53]. 



Li et al. studied the thermal dehydration of boronic acids (Fig. 9.23(a), [54]). 
Crosslinking considerably improved the photoluminescence stability. Multilayer 
capabilities were demonstrated. 

Davidson and Ponsonby [55] studied the influence of the degree of crosslinking 
in a polythiophene derivative on its conductivity (Fig. 9.23(b),). With increasing 
degree of crosslinking they found an oscillatory behavior of the conductivity. 
This was explained by a tradeoff between more conductive pathways (good) and 
less intrachain planarity (bad). 

Hilcmet and Thomassen [56] studied the crosslinking of two widely used PPV- 
derivatives, Super Yellow and Super Orange (also known as MDMO-PPV or 
OC1C10; both from Covion/Frankfurt; Fig. 9.24(a)) by application of an electron 
beam. The proposed mechanism for crosslinking is shown in Fig. 9.24(b). They 







Fig. 9.23 Chemical structures of the precursors used by (a) Li et al. [54]; (b) Davidson and 
Ponsonby [55]. 
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Fig. 9.24 (a) Chemical structure of MDMO-PPV (or OC1C10-PPY respectively) used in [56]; 

(b) proposed crosslinking mechanism. 
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found that e-beam treatment led to a reduction of the hole mobility by a factor of 
three. The EL is reduced after crosslinking, however, the EL spectrum remains 
unchanged. 


9.3 

Patterning 

This section is intended to give an overview of the deposition techniques applied 
to achieve RGB and RGBW displays. 

Today, fine metal shadow masks with features in range of 50-100 pm (pixel 
size) are the most common method for patterning color primaries in the fabrica¬ 
tion of small-molecule OLEDs. Since the materials are deposited through the gas 
phase, this technology has multilayer stack capability. Full-color displays of up to 
20 inches have been realized, however, there are still issues regarding scalability 
of the method to very large mother glass formats. Furthermore, during continu¬ 
ous use of a mask, material accumulates on the mask, and reduces the resolution 
and accuracy of deposition. Therefore, the masks have to be cleaned or even 
replaced relatively often. To avoid these problems, for large-size applications, 
approaches that do not require individual patterning of OLED, such as the 
color-conversion method (CCM) similar to liquid-crystal display (LCD) technology 
are being developed. 

Laser-induced thermal imaging (LITI) technology [3, 4] also referred to as dry or 
thermal printing could be an important alternative. Hereby, the light-emitting ma¬ 
terials are first deposited on a flexible donor sheet, which is coated with a “light- 
to-heat-conversion” (LTHC) layer. This donor sheet is then brought into intimate 
contact with the receptor surface. By local heating using a strong laser pulse in¬ 
cident on the LTHC layer the donor is released and transfers to the target sub¬ 
strate (see Fig. 9.25). Finally, the used donor sheet is peeled off and discarded. 
The smallest feature size is given by the laser spot size, and a resolution of a 
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Fig. 9.25 Illustration 
of the LITI printing 
process (adopted from 
Blanchet et al. [4]). 


few micrometers has been demonstrated [4]. Obviously, for LITI the adhesion 
properties between the various layers is of paramount importance. To achieve ade¬ 
quate patterning the molecular weight cannot exceed a certain limit (ca. MW = 
20 000 g/mole), which basically excludes most commercially available polymeric 
light-emitting materials. Since it is a dry process, LITI transfer is not affected 
by the solubility properties of the transfer layer, i. e., it has multilayer stack ability. 
Finally, LITI is scalable to large mother glasses and has reel-to-reel capability. 

For the wet-chemical fabrication of RGB(W) devices, current research efforts 
are directed towards adaptation of well-established printing techniques. The 
ink-jet technology is considered the most promising, since it is capable of placing 
small amounts of solution (droplets) with high accuracy and reproducibility. How¬ 
ever, even though this technique has the distinct advantage of simple manufactur¬ 
ing, and large-area displays were presented at international trade shows, it still 
has not proven its maturity in mass-production settings with large-format sub¬ 
strates. The main technological hurdle is the necessity to precondition the wetting 
properties of the substrate to define “microwells”. But only accurate adjustment 
of further parameters such as drop size, solvent formulation and drop velocity 
finally leads to the desired flat film of high quality. 

Finally, another patterning method is conventional photolithography, utilizing 
materials that become insoluble upon illumination (“negative” photoresists). 
Due to its simplicity (compare fabrication of integrated circuits), a photolitho¬ 
graphic process would be highly preferable over the printing techniques men¬ 
tioned above: The lateral resolution would be much better (few micrometers com¬ 
pared to several tens of micrometers), and the coating of large substrates could be 
much faster. Preconditioning of the substrate is not required. If a crosslinking 
strategy is followed (“negative” photoresist) the deposition of multiple layers 
also becomes possible. The combination of organic semiconductors and photore¬ 
sist technology will bring forward added values, which neither of the two alone 
would exhibit. Such materials will have a strong impact on the development of 
future OLED devices and architectures. 

All material classes discussed in the previous section, which can be cured 
photochemically, can in principle be used in this process. Except for the necessity 
of good film-forming properties there are no other material limitations, such as 
for the molecular weight (SM and LITI), the thermal stability (SM) and/or the ad¬ 
hesion properties (LITI). The only concern is that the curing should leave the ma¬ 
terials’ optical and electrical properties unaffected, which has been demonstrated 
in principle by several teams (see previous section). 

Most papers on crosslinkable organic semiconductors focus on the insolubility 
and multilayer capability. There are only few instances where the lithographic re- 
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solution is addressed [14, 33, 57]. The spatial resolution of photoprocess, indepen¬ 
dent of the chemistry involved, is basically limited by the accuracy one is able to 
image the pattern onto the film. The highest resolution is, therefore, obtained by 
e-beam structuring [56]. The second limitation depends on whether or not there is 
a termination reaction in the polymerization: 

• In [2+2] cycloadditions (e. g. derivatives of the cinnamic acid), the reaction 
strictly occurs in the illuminated areas only. 

• By contrast, in radical polymerization (e. g. acrylates and styrenes) the chain can 
grow beyond the illuminated areas, however, chain termination due to recom¬ 
bination and/or radical transfer will limit this relatively efficiently. Therefore, 
the resolution will not degrade by too much. 

• In the case of ionic polymerizations, (e. g. CROP of oxetanes), under the condi¬ 
tions used for fabrication of OLED devices (inert gas atmosphere), there is no 
explicit termination step. Thus in the end of the polymerization, the chain ends 
remain positively charged. This could lead to a reduced lithographic resolution 
(and blurring of the image). 

A very simple method to test the lithographic resolution of a material is to use 
TEM grids (TEM = transmission electron microscopy) as a contact-shadow 
masks [57]. AFM investigations of crosslinked layers, structured by using the 
method described above, show, that the used grids have been nicely reproduced. 
The achievable lithographic resolution is submicrometer as was demonstrated 
by recording a holographic grating. Such gratings might serve as distributed 
feedback structures in a future organic laser diode. This is more than sufficient 
concerning the requirements for RGB displays. 

Finally, we review two attempts in which multicolor OLEDs were obtained by sub¬ 
sequent deposition on the entire substrate, patterned illumination, development 
(removal of polymer in nonilluminated areas), and finally curing (Fig. 9.27). 



Fig. 9.26 AFM images of photopatterned rial can be seen). Middle : illuminated by a ho- 
crosslinked hole-transport layers: Left : illumi- lographic interference pattern with a period of 
nated through a mesh-1500 TEM grid, yielding 590 nm. Right: Cross section of the holo- 
squared features of 8 pm size separated by graphic surface relief grating, indicating a 
channels 5.6 pm wide [57] (in addition modulation depth of about 30 nm [58]. 

scratches from placing the mask on the mate- 
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Fig. 9.27 Photograph of a solution- 
processed multicolor devices: a) RGB 
device obtained by common litho¬ 
graphy [48] and two-color device ob¬ 
tained by e-beam lithography [56]. 


An alternative route to process full-color OLEDs is to use a procedure similar to 
“normal” semiconductor manufacturing [59], In this process the active layers are 
coated with a photoresist and then etched. Another, more exotic approach is 
reductive photopatterning [60]. Here, a single emissive layer of a blue-emitting 
host and red- and green-emitting guest molecules is used. The energy transfer be¬ 
tween the host and the dopants is tuned via a reductive photoinitiated process in 
the presence of gaseous hydrazine. The color is “selected” by the hydrazine expo¬ 
sure time. Finally, several attempts to use microcontact printing (pCT) or micro¬ 
injection molding in capillaries (MIMIC) for patterning OLEDs was reported [62]. 
Despite an excellent resolution between several 10s of micrometers down to 
500 nm [63] this process has not had a technical breakthrough, probably due to 
the well-known difficulties in repeatedly using a stamp. 


9.4 

Conclusion and Outlook 

This chapter focused on solution-processable materials with multilayer capability. 
In previous years, a large variety of approaches has been proposed, the most 
promising being oxetanes, styrenes, dienes, and trifluorovinylethers. Most exam¬ 
ples are hole-transporting materials. Incorporation into OLEDs improved the ef¬ 
ficiency of the devices relative to the reference devices using bare ITO or 
PEDOT as anode in many cases. In the latter case, besides improved hole injec¬ 
tion the “interlayer” also functions as a barrier towards ion and proton migration 
from the PEDOT layer, which is thought to be responsible for the reduced life¬ 
time of the devices. Crosslinked HTLs might also replace PEDOT as an injection 
layer all together. 

The most efficient devices were obtained using a multilayer approach, i. e. 
using several transport layers, emitter, and blocking layer. Thus, ultimately, device 
optimization can be done similarly to small-molecule devices by selecting the best 
materials for their function rather than by generating materials, which fulfill all 
functions at once, but with limited performance (“single-layer” approach). 

It is a distinct advantage of this approach that it makes small molecules applic¬ 
able to solution processing. Due to their tendency to aggregate and/or crystallize 
“normal” low-molecular-weight semiconductors such as TPD, which are usually 
deposited by vapor deposition, are not well suited for processing by spincoating, 
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since recrystallization occurs. However, the combined spacer/reactive unit acts as 
an internal plasticizer, preventing the material from crystallization. Thus, these 
compounds are amorphous, highly viscous materials, which can easily be pro¬ 
cessed by spin coating. Films of these materials are surprisingly stable, i. e., de¬ 
wetting is rarely observed at room temperature. However, due the relatively low 
viscosity the films do not withstand “stress” such as thermal treatment or electri¬ 
cal current for very long. This changes dramatically after the films are cured, 
yielding excellent morphological stability beyond that of small molecules and 
even polymers. This is an important fact, considering the thermal stress during 
long-duration operation. Thus, thermally induced morphological changes, like 
(re) crystallization and dewetting, which are assumed to be one of the factors limit¬ 
ing lifetime, are completely reduced. Furthermore, when various monomers and 
polymers are copolymerized, no phase separation can occur after the network for¬ 
mation, resulting in absolutely stable multicomponent films. 

By contrast, crosslinking by nature is a disturbance of the highly sensitive sys¬ 
tem of an organic semiconductor. Even small changes of the chemical structure of 
a given organic semiconductor, e. g. when attaching the crosslinkable group(s), 
can have a strong impact on its electrical and optical properties. Furthermore, 
the crosslinking reaction itself proceeds via highly reactive intermediates, and un¬ 
desired side reactions are likely to occur. Therefore, extreme care has to be taken 
when choosing the crosslinkable group or the curing method. The impact of the 
various parameters has to be studied individually, in particular by long-term mea¬ 
surements. 

Thus, in order to optimize the conditions of the crosslinking reaction a detailed 
understanding of the role and the potential reaction pathways of the formed inter¬ 
mediates is necessary. It should be noted that the strong light interaction and the 
high presence of the organic semiconductor (close to unity) heavily influence all 
kinds of photoinduced crosslinking reactions. Therefore, an extended and com¬ 
plex range of potential reaction pathways must be considered. 

In the area of the oxetane-derivatized semiconductors, successive optimization 
and fine tuning accomplished with a deeper understanding of the crosslinking 
process lead to significant reduction of undesired side reactions. By repeated 
modification of both materials and curing procedures, it was possible to reduce 
the initiator content from 3 % [40] to below 0.2 % [49]. Thus, the amount of reac¬ 
tive intermediates and side reactions could be reduced to a level, where their im¬ 
pact is by far compensated by the benefits of crosslinking. The latest versions of 
crosslinkable oxetane-derivatized RGB polymers all show significantly improved 
performance after crosslinking, both regarding efficiency and lifetime [42]. 

The second focus of this chapter is the full-color capability. The combination 
with the crosslinking strategy led to a novel class of semiconductive materials: 
smart (negative) photoresists. In addition to the fabrication of multilayer struc¬ 
tures the layers could be simply patterned laterally by the use of a photolitho¬ 
graphic process. In the few cases where the lithographic resolution was tested, 
it was easily sufficient for RGB pixilated deposition. In addition, these materials 
come with additional new features (“added values”). 
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Organic semiconducting photoresists exhibiting a lithographic resolution in the 
submicrometer scale are suited for an on-chip Integration of optical functions. 
Waveguide structures could be realized directly into the active materials itself 
In particular, integrated distributed feedback gratings (DFB, Fig. 9.26) are of 
high interest in the field of electrically pumped organic solid state lasers. 

On the other hand, smart photoresists have strong competition from alternative 
technologies, e. g. inkjet and LITI. In order to be competitive, the synthesis of the 
crosslinkable materials must be based on the highly developed synthetic routes 
for the preparation of state-of-the-art materials. Integration of the crosslinkable 
group from the beginning is mandatory for the synthesis of conjugated polymers, 
since protective group chemistry or polymer analogous reactions generally lead to 
significant and thus expensive complications. In particluar, the strong basic, tran- 
sition-metal-catalyzed coupling reactions, predominantly used in synthesis of 
organic semiconductors, lead to severe restraints concerning the crosslinkable 
group. So far, this applies to oxetanes only. 
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Hybrid OLEDs with Semiconductor Nanocrystals 

Audrey L. Rogach and John M. Lupton 


10.1 

Introduction 

The advantages of the rapidly developing organic light-emitting diode (OLED) 
technology [1] can be combined with attractive properties of semiconductor nano¬ 
crystals (NCs). Optical properties of this class of lumophores are determined by 
the quantum-confinement effect [2], so that their emission color (Fig. 10.1) and 
the electron affinity can be finely controlled not only by the material choice but 
also by size within a single synthetic route. A typical semiconductor NC, which 
can also be thought of as a colloidal quantum dot, consists of an inorganic 
core, which is comparable to or smaller in size than the Bohr exciton diameter 
of the corresponding bulk material (Fig. 10.2(a)), surrounded (“passivated”) by 
an organic shell of ligands (Fig. 10.2(b)-(d)). State-of-the-art syntheses, which 
can be carried out either in organic solvents or in water, provide different II-VI 
and III-V NCs with variable size and a narrow size distribution leading to the nar¬ 
row emission spectra - 25-35 nm full width at half maximum (FWHM) in solu¬ 
tion - tunable from the UV to the near-infrared spectral region [5]. Proper surface 
passivation leads to improved chemical stability and high photoluminescence (PL) 
quantum yields of > 50% for so-called core-shell NCs like CdSe/ZnS or CdSe/ 
CdS [6, 7], where the large bandgap semiconductors (ZnS or CdS) epitaxially over¬ 
grow the core material (CdSe) and the band edges of the core material he inside 
the bandgap of the outer material (Fig. 10.2(e)). Variable surface chemistry of NCs 
allows for the ease of their processability from different solvents and of their in¬ 
corporation into different organic matrices. On the other hand, the conduction 
properties of NC-only films are poor [8], and it is difficult to achieve an electrical 
contact to single NCs because of their small size. An impressive exception to this 
was, however, the demonstration of Coulomb-blockade effects in single-electron 
transistors incorporating CdSe NCs [9]. Taking these aspects together, these par¬ 
ticularities of NCs make them attractive materials for fabrication of hybrid semi¬ 
conductor NC/organic LEDs with highly saturated emission color, which is of im¬ 
portance to the development of full-color large-area flat-panel displays. The basic 
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Fig. 10.1 Size-dependent photolumi¬ 
nescence of CdTe NCs synthesized in 
water (2-5 nm size range, the smallest 
particles emit green, the largest red, 
quantum yield is up to 40% [3]). 




Fig. 10.2 (a) High-resolution transmission 

electron microscopy image of a CdSe NC de¬ 
monstrating the quality of a single-crystal 
semiconductor core, (b) Schematic represen¬ 
tation of a NC consisting of a semiconductor 
core coated by “TOPO” ligand molecules and 
(c) one of the organic molecules typically used 
as a ligand in the organometallic synthesis [4] 


of CdSe NCs - trioctylphosphine oxide 
(TOPO). (d) Schematic representation of a 
water-soluble CdTe NC coated by short-chain 
mercapro-acid molecules [3]. (e) Schematic 
representation of a core/shell NC and the band 
structures for the typical materials CdSe/ZnS 
and CdSe/CdS. 


idea behind NC-based OLEDs is to achieve full color tunability in a single host 
material. Although organic molecules span the entire visible spectrum in terms 
of emission wavelength, a change of material required to tune the color of emis¬ 
sion can result in a dramatic modification of the charge-transport properties and 
thus of the device characteristics. A key goal of research into OLEDs is therefore a 
separate optimization of charge-transport and emission properties, which can be 
achieved in certain hybrid devices. Whereas organic semiconductors are typically 
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hole-transporting materials, NC solids generally display a strongly n-type behavior 
[10], i. e. preferentially conduct electrons, which make the two classes of materials 
a natural choice of partners. NC electroluminescene (EL) was first demonstrated 
ten years ago and has received a vast amount of attention since then, with the ori¬ 
ginal paper on hybrid organic-inorganic LEDs [11] topping 600 citations. Interest¬ 
ingly, subsequent endeavors to employ and perfect the technology have been far 
and few and stand in no relation to the flurry of the field of all-organic LEDs. 
There is thus plenty of scope for future research and development activity in 
this field, and indeed ample potential to design novel, nanoscale device structures. 

This chapter provides an overview on hybrid semiconductor NCs/organic LEDs, 
and is divided into two parts describing the devices operating in the visible and 
near-infrared spectral regions. The subsection on the visible LEDs is in turn 
divided into two parts describing composites processed from organic solvents 
and from aqueous solutions. The organic component of the hybrid LEDs is either 
(and mainly) a conjugated polymer, such as poly(para-phenylenevinylene) (PPV), 
a nonconjugated polymer, such as polyvinylcarbazole (PVK), or a small organic 
molecular material such as aluminum-tris-(8-hydroxyquinoline) (Alq 3 ). 


10.2 

LEDs in the Visible based on Composites of Semiconductor Nanocrystals and 
Polymers or Nanocrystals and Small Organic Molecules 

10.2.1 

Devices Processed from Nanocrystals in Organic Solvents 

The first paper on hybrid NC/polymer LEDs from the Berkeley group appeared in 
1994 [11] and reported on a bilayer device comprising a thin (few tens of nm) 
layer of CdSe NCs deposited on a conducting support with the help of a bifunc¬ 
tional linker hexane dithiol, and a 100-nm thick layer of a soluble PPV derivative. 
The structure was sandwiched between an ITO-coated glass and a Mg/Ag elec¬ 
trode, which functioned as anode and cathode, respectively. The device with a 
hole-transporting PPV layer close to the ITO, with electrons injected into a 
layer of NCs and holes injected into a layer of polymer (forward bias) exhibited 
an emission characteristic of the CdSe NCs at the operating voltage of only 4 V, 
with an EL band tunable from yellow to red by changing the NC size. The I-V 
characteristics were determined by electron injection at the Mg/CdSe NC inter¬ 
face, which constituted the current-limiting mechanism. The recombination 
zone most likely lay within the CdSe NC layer close to the CdSe/PPV interface. 
At higher voltages, green emission from the PPV layer predominated, giving 
rise to a voltage-dependent color of this device (Fig. 10.3). 

A subsequent paper from two MIT groups [12] reported on a single-layer device 
where CdSe NCs were homogeneously distributed within a polymer layer (70-120 
nm thick) of PVK as a hole-conducting component that additionally contained an 
oxadiazole derivative (butyl-PBD) as an electron-transporting molecular species. 
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Fig. 10.3 Voltage-dependent color of a CdSe 
NC/PPV device. Reprinted from [11], Copyright 
1994, with permission from Nature Publishing 
Group. 


The resulting volume fraction of CdSe NCs in a film sandwiched between ITO 
and A1 electrodes was 5-10%, below the percolation threshold for charge trans¬ 
port to occur between the NCs. The PL and EL spectra of the devices were reason¬ 
ably narrow (< 40 nm FWHM) and nearly identical, and were tunable from 530 
to 650 nm by varying the NC size. The I-V traces showed nearly inversion sym¬ 
metry, and the EL in reverse bias (negative terminal on ITO) showed no change in 
the spectral line shape in comparison to that at the forward bias, indicating that 
NCs were not directly involved in carrier transport. Both the injection of electrons 
and holes by tunneling through the organic ligands were considered as excitation 
mechanisms of the NCs as well as Forster energy transfer from excitations 
formed in the organic host. 

While the external quantum efficiencies of these first, unoptimized devices 
were low, on the order of 0.001 %, these studies showed a principal possibility 
of generating a spectrally pure EL from semiconductor NCs in hybrid devices. 
In this case, the EL is tunable by changing the physical size of the NC without 
the need for changing the actual chemistry of the material as is often the case 
for organic chromophores. Subsequent papers of the same groups reported on 
bilayer devices based on core-shell NCs [13, 14]. The devices of ref. [13] consisting 
of a spin-deposited layer of PPV on an ITO support and a spin-deposited layer of 
core/shell CdSe/CdS NCs adjacent to a Mg/Ag electrode showed sufficient im¬ 
provements over the core-only CdSe-based devices, namely a factor of 20 increase 
in efficiency and a factor of 100 in lifetime. These devices could be tuned to emit 
from the green to the red with external quantum efficiencies of up to 0.22 % at 
brightnesses of 600 cd/m 2 and current densities of 1 A/cm 2 , with operating vol¬ 
tages of 4 V and lifetimes under direct current of hundreds of hours. In CdSe/ 
CdS NCs, the hole is effectively confined to the core leading to a decreased prob¬ 
ability of NC oxidation, while the combination of a small potential barrier be¬ 
tween the core and shell conduction band (Fig. 10.2(e)) and a small electron effec- 
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tive mass leads to a delocalization of the electron wavefunction over the whole NC 
that facilitates electron capture and transport [13]. Thus, the behavior of these 
LEDs was consistent with the picture of a field-dependent range of electron mi¬ 
gration distance in the NC layer, which is limited by carrier trapping. Charge 
transport in densely packed solids of semiconductor NCs is a particularly intri¬ 
guing process due to the large distribution of trapping times observed in 
charge-transport and photocurrent measurements [15]. Very recently it was de¬ 
monstrated that the transport can be accurately described by the model of vari¬ 
able-range hopping conduction [16]. Such an accurate knowledge of charge injec¬ 
tion and transport in the NC layer is imperative to designing and optimizing 
hybrid device operation. 

Similar characteristics were reported in ref. [14] on a comparable bilayer device 
made of bare CdSe or core-shell CdSe/ZnS NCs spin cast from toluene solution 
on a PPV layer, which in turn was built up from aqueous solution by the layer-by- 
layer deposition technique in combination with polymethacrylic acid (PMA) 
(more on the layer-by-layer technique in Section 10.2.2). The PPV/PMA film 
served as a hole-transport layer and reduced the flow of electrons, thereby moving 
the electron-hole recombination zone away from the anode. The neat film of NCs 
was the electron transport layer that also served as the exciton recombination 
zone. Figure 10.4 shows size-dependent EL spectra of these devices employing 
bare CdSe NCs, demonstrating color tunability over a range of 80 nm. Evidently, 
there is still a considerable amount of PPV emission. This is due to the fact that 
direct recombination can also occur in the PPV layer. Figure 10.5 shows the en¬ 
ergy-level diagram of the structure. The CdSe NC conduction band is substantially 
lower in energy than the lowest unoccupied molecular orbital (LUMO) of the 



X (nm) 

Fig. 10.4 Si ze-dependent color of a CdSe NC/PPV device. Reprinted from [14], Copyright 1998, 
with permission from the American Institute of Physics. 
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Fig. 10.5 Energy diagram of 
a CdSe/ZnS NC/PPV device. 
Whereas the NC acts as an 
acceptor of electrons, there 
is a substantial barrier to be 
overcome for hole injection 
into the NC. An additional 
barrier to both electron and 
hole injection occurs due to 
the presence of the organic 
ligands. Reprinted from [14], 
Copyright 1998, with per¬ 
mission from the American 
Institute of Physics. 


polymer. Conversely, the highest occupied molecular orbital (HOMO) of the poly¬ 
mer is substantially higher than the valence band of the NC. Consequently, there 
are rather large barriers for electron injection from the NC into the polymer (—1.9 
eV) and for hole injection from the polymer into the NC (—1.4 eV). NCs can 
therefore be thought of as both electron acceptors and hole injectors in hybrids 
with conjugated polymers, as was demonstrated in photoinduced absorption mea¬ 
surements on blend systems [17]. Recombination in the electron-transporting NC 
layer is therefore preferable to recombination in the hole-transporting polymer in 
the case of the bilayer device, as the barrier to hole injection from the polymer to 
the NC layer is smaller than the barrier to electron injection from the NCs into 
the polymer. Following this reasoning, emission from the NCs dominates. This 
simple picture neglects the influence of the organic ligands, which are wide- 
gap insulators posing extremely large barriers for both electrons and holes. In ad¬ 
dition, NCs capped with a ZnS overlayer will yield a modification of the relevant 
injection barrier, i. e. a substantial increase in the barrier to hole injection from 
the polymer. As the electrons are localized in the CdSe core of the NC, raising 
the valence band of the NC surface through ZnS capping should not have a dra¬ 
matic effect on the barrier to electron injection into the polymer, as the overall 
energetic difference between the CdSe core conduction band and the polymer 
LUMO remains the same. 

Further examples of hybrid NC/polymer LEDs emitting in the visible include 
single-layer devices constituting ZnS NCs synthesized in situ in a PMA-polystyr- 
ene (PS) matrix doped with tetraphenylbenzidine as a hole-transport material [18]; 
CdSe/ZnS-based LEDs, where the NC layers of different thicknesses (in the range 
of 30-250 nm) were deposited by spin-coating on a poly(3,4-ethylenedioxythio- 
phene):polystyrenesulfonate (PEDOTiPSS) coated ITO substrate followed by 
deposition of various metal electrodes (Ba, Al, or Au) [19]; and multilayer LEDs 
made from ITO/PEDOT:PSS/PVK and a neat film of Mn-doped ZnS NCs, with 
an Al electrode on top [20]. The latter device showed EL both from the blue-emit¬ 
ting PVK and the yellow-emitting ZnS:Mn NCs, with an increasing contribution 
of PVK emission with rising voltage. 
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Trilayer hybrid NC/organic molecule LEDs with a single monolayer of CdSe/ 
ZnS NCs sandwiched between two organic thin films have been introduced re¬ 
cently by two MIT groups [21, 22]. In these devices, the luminescence function 
of NCs was isolated from their participation in charge conduction, so that the or¬ 
ganic layers transported charge carriers to the vicinity of the NC monolayer from 
which the narrow band EL originated. This differs from all previously reported 
concepts where the NCs had the dual function of both transporting electrons 
and serving as the emissive layer. An elegant phase-separation approach utilizing 
self-segregation of TOPO-capped NCs from the aromatic molecules of the hole¬ 
transporting material N, N ’ -diphenyl-N, N ’ -bis (3 -methylphenyl) - (1, V -biphenyl) - 
4,4’-diamine (TPD) spin-coated from their mixture in chloroform onto ITO sub¬ 
strates led to the formation of a complete single NC monolayer on top of a 
35 -nm thick TPD film. The final device was formed by thermal evaporation of 
a 10-nm thick layer of 3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole 
(TAZ), followed by a 40-nm thick layer of Alq 3 and a Mg/Ag electrode. The func¬ 
tion of TAZ was to block the holes and confine the excitons, leading to a narrower 
emission band with lower contributions from the TPD and Alq 3 EL in comparison 
to similar devices without the TAZ layer (Fig. 10.6). The external quantum effi¬ 
ciency of the device without TAZ was approx. 50 % higher than in the presence 
of TAZ and exceeded 0.4% for a broad range of luminances. At 125 mA/cm , 
the brightness of the three-layer device was 2000 cd/m 2 (i. e. 1.6 cd/A), which con¬ 
stitutes a 25-fold improvement over the best previously reported NC-based LEDs 
[13]. Although these devices exhibited a much faster response time than previous 
implementations, further studies are required to establish whether the exception¬ 
ally high switching speeds observed in all-organic LEDs can be matched by hybrid 
device structures. Charge trapping even at the monolayer thin QD layer will most 
likely limit the applicability to the sub-MHz region, whereas EL switching on the 
ns timescale has been demonstrated for all organic devices. In ref. [22], additional 
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Fig. 10.6 EL spectra and schematic structures of two kinds of trilayer hybrid NC/organic 
molecule LEDs (with and without TAZ layer). Reprinted from [21], Copyright 2002, with kind 
permission ofV Bulovic. 
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studies on the devices utilizing CdSe NCs with variable ZnS shell thickness have 
shown that Forster energy transfer of excitons from organic materials to the NCs 
dominates the EL process, rather than direct charge injection into NCs. For the 
CdSe/ZnS-based devices with increased shell thickness of ZnS (2.5 monolayers 
ZnS on a CdSe core, which lead to a substantially improved passivation of surface 
quenching states and thus to a higher PL quantum yield), external quantum effi¬ 
ciencies of 1.1 % were achieved. The ZnS shell should pose a large barrier for hole 
injection from the organic into the CdSe core, thereby reducing the electron-hole 
capture probability on the NCs. This is not observed, and indeed the capture prob¬ 
ability and quantum efficiency actually increase with shell thickness. The rise in 
EL efficiency is identical to the increase in PL efficiency upon capping, providing 
direct evidence for a predominant NC exciton generation channel through Forster 
transfer from the organic semiconductor. This is a further impressive illustration 
of how the NC and organic electronic properties can be modified and tuned inde¬ 
pendently of each other. The emission from the host was found to increase some¬ 
what with increasing current density, which is a consequence of a broadening of 
the recombination region and thus a loss in Forster transfer efficiency. There is 
an intriguing issue that remains to be addressed using NC monolayers in organic 
LEDs, namely the role of triplet excitons. As these form the dominant excited- 
state species under electrical pumping due to spin statistics and the substantial 
exchange interaction in organic materials of order 1 eV, a vast amount of research 
effort over the past five years has been directed towards developing materials to 
harvest triplet excitations and enable radiative recombination through the phos¬ 
phorescence channel. Spin is not a good quantum number in semiconductor 
NCs due to strong spin-orbit coupling arising from the presence of many 
atoms with large atomic order numbers. The exchange splitting is typically of 
the order of a few meV, so that singlet and triplets levels are effectively degenerate 
at room temperature. NCs could therefore potentially act as triplet harvesters, and 
it is a highly intriguing question whether the energy-transfer activation of the 
NCs in ref. [22] is indeed purely due to singlets or whether triplets can also be 
transferred, and subsequently decay radiatively on the NC. As the only competing 
relaxation channel for triplets in Alq 3 is comparatively slow nonradiative decay, 
migration distances are substantially larger than for singlets, so that they could 
potentially be harvested by a NC monolayer from a much broader recombination 
zone. Future research using phosphorescent organic compounds should be direc¬ 
ted towards establishing whether triplet transfer from an organic semiconductor 
to a NC can indeed occur, or whether the opposite process may even be possible, 
i. e. triplet sensitization of the organic using semiconductor NCs. 

A final interesting point in the monolayer device structure is the possibility of 
generating very high excitation densities at a well-defined position. This could 
prove useful to achieving the long sort-after goal of electrically pumped lasing 
in an organic semiconductor. The authors of ref. [22] propose that at the highest 
excitation densities employed at most 1 % of the NCs are excited. By employing 
NCs with substantially longer lifetimes, this ratio could be raised substantially, 
which may enable the observation of interesting collective effects. 
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Following these recent successful developments, trilayer hybrid NC/polymer 
devices were reported, constituting a film of CdSe/ZnS NCs a few monolayers 
thick sandwiched between films of PVK (hole transporter) and butyl-PBD (elec¬ 
tron transporter) [23]. All the layers were deposited by a spin-coating technique 
from dissimilar solvents (either organics or water). These devices showed 20 
times the external quantum efficiency (0.2%) and less than half the threshold 
voltage of a single-layer device based on the PVK/NC/PBD blend. These im¬ 
provements upon going from a blend to a trilayer structure were attributed to 
more balanced carrier conduction to and enhanced recombination in the NC 
layer. 

10.2.2 

Devices Processed from Nanocrystals in Aqueous Solutions 

NCs synthesized in aqueous solutions can be rendered charged at specific pH 
because of the free functional groups of ligand molecules (typically -COOH or 
-NH 2 in the case of thioacids and thioamines). This allows processing of NCs fol¬ 
lowing the layer-by-layer assembly approach [24]. This technique, which is based 
on alternating adsorption of oppositely charged species, was originally developed 
for positively and negatively charged polyelectrolyte pairs, either insulating [25] or 
conducting [26], and was later extended to the assembly of polymer-linked NCs. 
The methodology is very general and produces large-area high-quality homoge¬ 
neous films almost irrespective of the substrate or NC materials, and with control¬ 
lable thickness and composition. 

The first hybrid NC-based LED made by layer-by-layer assembly was reported in 
ref. [27]. It was built up from 20 alternating double layers of a precursor of PPV 
(pre-PPV) and CdSe NCs capped by thiolactic acid, followed by thermal conver¬ 
sion of pre-PPV to PPV. The device emitted white light originating mainly from 
recombination through NC trap sites, with a turn-on voltage of 3.5-5 V and an 
external quantum efficiency of 0.0015 %. The subsequent paper from the same 
group [28] compared single-layer CdSe NC-based devices utilizing conducting 
(PPV) or nonconducting (poly(allylamine hydrochloride)) (PAH) polymers and de¬ 
monstrated the possibility to build up vertically structured bilayer CdSe NC/PAH 
- PPV/PAH LEDs. These devices showed a predominant emission either from the 
preferentially hole-transporting PPV or from the preferentially electron-transport¬ 
ing CdSe NCs, depending on the polarity of the applied field and the effective po¬ 
sition of the recombination zone. The lifetime of the PPV emission in the bilayer 
device was found to be strongly increased, which may be due to the consumption 
of trace oxygen by CdSe NCs. It is interesting to note that the fact that CdSe can 
bind oxygen in dangling bonds on its surface may thus prove beneficial in two 
ways. First, NCs could help reduce the level of oxygen in organic semiconductors, 
which is detrimental to operation, and secondly, molecular oxygen can actually 
lead to a dramatic enhancement in fluorescence efficiency from NCs due to 
more efficient neutralization following an undesired photochemical charging 
event [29]. 
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EL of different colors (from green to red) was obtained from layer-by-layer as¬ 
sembled LEDs based on thioglycolic acid capped CdTe NCs of different sizes 
and poly(diallyldimethylammonium chloride) (PDDA) [30]. In spite of the use 
of an insulating polymer, external quantum efficiencies of 0.1% were achieved. 
Light emission was observed at current densities of 10 mA/cm 2 and at exception¬ 
ally low onset voltages of 2.5-3.5 V (i. e. only just above the bandgap of the CdTe 
NCs). The EL onset showed a dependence on the thickness of the film, indicating 
field-dependent current injection. The internal charge transport in these devices 
can be considered as a hopping transport between NCs acting as an electron¬ 
transporting material, which is driven by the external electric field. The EL of bi¬ 
layer devices, where each layer consisted of 20 alternating double layers of CdTe 
NCs (with a bimodal size distribution) and PDDA, showed emission from the 
NCs close to the ITO electrode. Layer-by-layer assembled LEDs based on water- 
soluble CdTe NCs and PPV were also reported [31]. Water-soluble CdTe NCs 
have also been incorporated into preformed films of electrochemically polymer¬ 
ized polyaniline by soaking [32]. Alternatively, polypyrrole has been electrochemi¬ 
cally deposited from aqueous solution within the pores of drop-cast CdTe NC 
films [33]. Both of these device geometries led to visible-light emission at low 
biases of 2.5-3 V. 


10.3 

Near-infrared LEDs based on Composites of Semiconductor Nanocrystals and 
Polymers or Small Organic Molecules 

Because of the limited choice of polymers and organic dyes emitting in the range 
of telecommunications windows (1.3 and 1.55 pm), the use of the near-infrared 
(NIR) emitting NCs in hybrid organic-inorganic LEDs provides a particularly at¬ 
tractive application window. The first paper on such LEDs appeared in 2002 
and reported on single-layer blend devices [34]. They were based on composite 
mixed films of core-shell InAs/ZnSe NCs and a conducting polymer - either 
poly[2-methoxy-5-(2-ethylhexyloxy)-l,4-phenylenevinylene] (MEH-PPV) or poly 
[9,9-dehexylfluorenyl-2,7-diyl)-co-(l,4-{benzo-[2,r,3]thiadiazole})] (F6BT) spin cast 
from toluene solutions. The devices showed broad emission in the range of 

1.3 pm, which was attributed to the inhomogeneously broadened spectrum of 
the ensemble of differently sized NCs, with a rather high turn-on voltage of 
15 V and a remarkably high external quantum efficiency reaching 0.5 % at high 
operating voltages (Fig. 10.7). The turn-on voltage increased in a series of LEDs 
with increasing volume fraction of NCs in the polymer, which is consistent 
with trapping of carriers at the NC sites and thus trap-limited transport in the 
blend. The quenching of both the PL and the EL of the host polymer matrix, how¬ 
ever, also pointed to a possible role of energy transfer from the polymer host to 
the NCs. 

In a subsequent report, EL spectra of single-layer devices based on the mixtures 
of PbS NCs with MEH-PPV or poly(2-(6-cyano-6 7 -methylheptyloxy)-l,4-phenyl- 
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Fig. 10.7 (A) The PL spectrum of 

InAs/ZnS NCs in solution (dashed 
line) and the EL spectrum of a 
InAs/ZnS NCs/MEH-PPV LED 
(squares and solid line). (B) Cur¬ 
rent (dashed line), light (solid line) 
and external quantum efficiency 
(solid line, right axis) of the LED 
as a function of applied voltage. 
Reprinted from [34], Copyright 
2002 AAAS. 
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ene) (CN-PPP) were shown to be potentially tunable across the range of 1000 to 
1600 nm in ref. [35]. The EL intensity of the PbS NCs capped with octylamine 
(8 carbon atoms in the chain) was much higher than those capped with oleic 
acid (18 carbon atoms in the chain), which was explained by the suppression 
of either Forster energy transfer or direct carrier transfer from the polymer to 
the NCs in the case of the longer ligands. 

Single-layer devices based on the blend of a methyl-substituted ladder-type 
poly(para-phenylene) (MeLPPP) and HgTe NCs synthesized in water and trans¬ 
ferred to toluene, whose emission wavelength is tunable between 900 nm and 
2000 nm by changing the NC size, were fabricated by spin coating from toluene 
solution and sandwiching between ITO and A1 electrodes [36]. They showed both 
blue-green emission from MeLPPP and a near-IR emission from HgTe NCs, the 
latter with a turn-on voltage of 10 V and an external quantum efficiency of the 
unoptimized device of roughly 0.001 %. 

Following the developments of trilayer hybrid visible NC-based LEDs [21, 22], 
trilayer NC/organic molecule NIR LEDs with a single monolayer of PbSe NCs 
sandwiched between two organic thin films were presented in ref. [37]. The fab¬ 
rication was similar to the visible CdSe/ZnS-based LEDs and utilized the self-seg¬ 
regation process of the PbSe NCs (capped by oleic acid) from the hole-transport¬ 
ing organic molecules TPD or 4,4-bis[N-(l-naphthyl)-N-phenylamino]biphenyl 
(a-NPD) in chloroform. The electron-transporting layer of Alq 3 and/or bathocu- 
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proine was thermally evaporated on top. The NIR EL spectra of the devices fabri¬ 
cated were tunable from 1.33 to 1.56 pm by changing the size of the PbSe NCs 
from 4 to 5 nm, with a FWHM of < 160 nm (< 0.11 eV). The external quantum 
efficiency of the NIR EL of these devices was measured to be 0.001 %, which was 
limited by the reduced PL quantum efficiency of closely packed PbSe NCs in the 
solid state as well as the unoptimized spectral overlap of the organic components 
and NIR-emitting NCs. 


10.4 

Concluding Remarks 

Research on hybrid semiconductor NC/organic LEDs has achieved a remarkable 
development in the span of one decade, involving more than two orders of mag¬ 
nitude improvement in the external quantum efficiency and providing highly 
saturated color emission. Although the device efficiencies are still over an order 
of magnitude lower than those of the purely organic counterparts, there are a 
number of potential advantages associated with NC-based devices, which will cer¬ 
tainly merit future research. A variety of device configurations have become avail¬ 
able including the promising sandwich architecture comprising only one mono- 
layer of NCs serving exclusively as emitters. Further technological improvements 
of NC/organic LEDs are bound to follow, aimed at optimizing charge injection 
and transport. New concepts are also being explored, such as a current-in-plaine 
architecture with a lateral configuration of electrodes relying on electronic tunnel¬ 
ing through a mesoscopic metal layer with embedded semiconductor NCs [38]. 
Hybrid NC/organic LEDs emitting in the near-IR may become highly competitive 
with organic-only LEDs, which are hard to realize in the IR. The combination of 
the particle-size-dependent tunability of the spectral properties with the ease of 
processability and beneficial charge-transport properties of the organic counter¬ 
parts has already demonstrated the fruitful synthesis of organic and inorganic 
materials science. A particularly promising avenue for the cooperation between 
organic and inorganic synthetic chemists is the rich spectrum of functionality at¬ 
tainable through tuning the stabilizing surface ligands of the NCs. One elegant 
approach to systematically do this has been to encage the NCs in complex organic 
star-shaped dendrimer structures, or indeed even synthesize the NCs directly in 
dendritic nanoreactors [39-43]. As dendrimers on their own are very promising 
materials for display applications, the high level of control of processability attain¬ 
able with dendritic functionality of semiconductor NCs yields promise that both 
the vertical as well as the lateral positioning of NCs in OLEDs can be improved 
dramatically. Microcontact printing of dendrimer functionalized NCs was recently 
demonstrated [44]. As this is a key technology in OLEDs, it is only a matter of 
time before microcontact-printed full-color pixilated displays based on the hybrid 
organic/inorganic technology are developed. Future applications of the hybrid 
technology will also build on the demonstrations of efficient photovoltaic devices 
[45] and could be as diverse as laser diodes and electrically pumped single-photon 
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on-demand sources. A substantial development both in terms of the fundamental 
scientific impact, such as the underlying interaction mechanisms between deloca¬ 
lized inorganic and localized organic charges and excitations, as well as from a 
purely technological viewpoint are to be anticipated in the coming years. 
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11 

Polymer Electrophosphorescence Devices 

Xiaohui Yang and Dieter Neher 


11.1 

Introduction 

Electroluminescence from ji-conjugated polymers was first reported in 1990 by 
Burroughes et al. [1]. Compared to inorganic materials and small molecules, poly¬ 
mers promise easy fabrication of large-area displays and illumination devices. In 
fact, the first flexible polymer light-emitting diode (LED) was demonstrated by 
Gustafsson et al. in 1992 [2]. 

Besides the cost of production and long-term stability, color purity and device 
efficiency are the crucial parameters concerning the applicability of light-emitting 
polymer systems in commercial devices. While the color of an organic LED is clo¬ 
sely related to the electronic structure of the emitting electronic system, the device 
efficiency is determined by the complicated interplay between various physical 
processes. Nevertheless, certain limits can be given based on simple considera¬ 
tions. In particular, when assuming that balanced injection of charges is possible 
and assuring that all injected charges recombine, the external quantum efficiency 
(EQE) is simply the product of the radiative quantum efficiency rj R of the emitter 
(the probability that the excited state formed by the recombination of charges 
emits a photon) and the probability cp ex that photons generated in the emission 
layer leave the device. Based on ray-optics considerations, Greenham et al. [3] 
have predicted cp ex to range between 15 and 25 %, depending on the refractive 
index of the active layer. For the determination of the radiative quantum efficiency 
both fluorescence and phosphorescence have to be taken into account. Quantum 
statistics predicts that the recombination of uncorrelated electrons and holes in 
organic media forms triplet states with a 3-fold higher probability than singlet 
states [4]. The ground state of the vast majority of luminescent materials is a sing¬ 
let state. Since most luminescent polymers such as poly(p-phenylene)s (PPPs), 
polyfluorenes (PFs) and poly(p-phenylenevinylene)s (PPVs), contain only low-Z 
elements, spin-orbit coupling is weak. Therefore, these compounds exhibit very 
small radiative rates for phosphorescence from excited triplet states. For example, 
the phosphorescent lifetime of an oligomer of a ladder-type PPP was determined 
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to be around 250 ms at 77 K [5]. Consequently, competing nonradiative processes 
such as triplet-triplet annihilation or vibronic relaxation processes effectively 
quench the phosphorescence. In fact, the phosphorescence of a solid layer of a 
ladder-type PPP (MeLPPP) decayed on a time scale of 10-100 ps, equivalent to 
a phosphorescent quantum efficiency of only 10“ 4 [5]. Electrically driven phos¬ 
phorescence from pure hydrocarbon conjugated polymers has only been observed 
at very low temperatures [6]. Though it has been demonstrated that metallic im¬ 
purities [7] or even the inclusion of high-Z elements into the polymer structure [8] 
can lead to electrically driven phosphorescence, no efficient LED has yet been re¬ 
ported based on these approaches. Thus, for most conjugated polymers, only the 
relaxation of the excited singlet state contributes to the radiative emission, setting 
the limit for the external quantum efficiency to ca. 5 %. Recent results have, how¬ 
ever, questioned the assumption that the quantum statistics outlined above is 
also true for conjugated polymer samples [9-12]. On the other hand, to the 
best of our knowledge, only a few LEDs based on single-component active poly¬ 
mer layers exceeded the quantum limit of 5 %. [13, 14]. 
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Fig. ll.l The electro- 
phosphorescent device 
structure used by Ikai 
et al. [1 7]. Also shown 
are the chemical struc¬ 
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efficiency of the organic 
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In 1998, Baldo et al. [15] showed that the efficiency of organic LEDs can be 
improved by using phosphorescent dyes. In their device, the phosphorescent 
oactaethyl-porphine platinum (PtEOP) dye was doped into an appropriate small 
molecule host at a low concentration. This electrophosphorescent device emitted 
red light with an external quantum efficiency of 4 %. 

In the following years, the efficiencies of electrophosphorescent devices based 
on small molecules have been considerably improved, reaching impressive exter¬ 
nal quantum efficiencies of 11.6% [16], 19.2% [17, 18] and 10.3% [19, 20] for 
blue, green and red emission, respectively. However, all of these devices consist 
of elaborate multilayer structures, including several charge-transporting and exci- 
ton-bloclcing layers (see Fig. 11.1 for an example of a highly efficient green-emit¬ 
ting device). Also, all these layers were deposited by thermal evaporation under 
high-vacuum condition, a process that might be relatively costly and time con¬ 
suming for large-area production. Thus, considerable effort has been undertaken 
to fabricate highly efficient polymer electrophosphorescent devices. 

This chapter is divided into six sections. Section 11.2 gives a short introduction 
into the optical and electronic properties of mostly used phosphorescent dyes. In 
Section 11.3, mechanisms of excitation of these dyes in polymer hosts will be dis¬ 
cussed. The optimization of green, red, blue and white devices based on a PVK 
host is the subject of Section 11.4. The following two sections present selected 
examples of devices with conjugated polymer hosts or using fully functionalized 
polymers. Finally, a short conclusion and outlook summarize the current status of 
phosphorescent polymer LEDs. 


11.2 

Phosphorescent Dyes 

In phosphorescent dyes, strong spin-orbit coupling leads to efficient intersystem 
crossing of the singlet excited states to the triplet manifold, and also mixes the 
singlet and triplet excited states, removing the spin-forbidden nature of the radia¬ 
tive transition of the triplet state to the ground state. Various kinds of phosphor¬ 
escent dyes have been tested in OLEDs. We will focus here on three types of com¬ 
plexes, which are widely studied in OLEDs. 

The first dye used in an electrophosphorescent LED was the terbium-complex 
Tb(acetyhlacetonate) 3 (Tb(acac) 3 , see Fig. 11.2) [21]. LEDs based on complexes 
with rare-earth central metals such as terbium or europium are very interesting 
for display applications, because they emit light with a very small spectral line 
width. These sharp emission lines are due to f-f transitions located on the central 
metal ion. Disadvantages of these complexes are, however, that color tuning via 
the chemical modification of the ligand is not possible and that the radiative life¬ 
time of phosphorescence is rather long. 

Baldo and coworkers [22, 23] were the first to use the red-emitting dye 
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum (PtOEP, see Fig. 11.2) 
in an OLED. The absorption of this compound consists of a Soret band (at ca. 
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Fig. 11.2 Chemical structure of 
Tb(acac) 3 and PtOEP. 



Tb(acac) 3 



390 nm) and a Q-band (500-540 nm), while the emission peaks at ca. 650 nm. 
The luminescence quantum efficiency measured for the dye in a deoxygenated 
toluene/DMF solution at room temperature is ca. 50% [22]. The emission is lar¬ 
gely ligand based and possesses a relatively long lifetime (83 ps in toluene/DMF 
solution, 37 ps in Alq 3 [22]). The triplet state of PtOEP lies at ca. 1.9 eV, which is 
similar to that of Alq 3 [23]. HOMO and LUMO levels are at 5.3 eV and 2.8 eV, re¬ 
spectively. It is, therefore, expected that PtOEP constitutes a carrier trap in many 
small molecule and polymer hosts. Unfortunately, the long radiative lifetime of 
PtOEP limits the performance of OLEDs particularly at high driving currents. 

Today, the mostly used phosphorescent emitters are iridium complexes. Figure 
11.3 shows the chemical structures of some popular iridium dyes. 

The absorption spectra of the green-emitting ppy 2 Ir(acac) and the red-emitting 
btp 2 Ir(acac) complexes are shown in Fig. 11.4, together with those of two other 
complexes with intermediate emission wavelengths (with hzq and thp- ligands) 
[24]. The extinction coefficients for these bands are in the ranges expected for 
ligand-centered jtjt* and metal-to-ligand charge-transfer (MLCT) bands, of 
about 30 000 and 6000 M“ cm” , respectively. Strong spin-orbit coupling induced 
by Ir 3+ gives the formally spin-forbidden transition form the 3 MLCT to the singlet 
ground state a significant radiative allowedness. Note that, in Ir(ppy) 3 or ppy 2 - 
Ir(acac), the 3 jtjt* level is at an energy of 2.7 eV (corresponding to a wavelength 


F 






Flrpic lr(ppy) 3 btp 2 lr(acac) 

Fig. 11.3 Chemical structures of commonly used Ir-dyes with blue, green and red emission: 
bis(2-(4,6-dif1uorophenyl)pyridyl-N,C 2 )iridiumpicolinate (Flrpic),/ac-tris(2-phenylpyridine) 
iridium Ir(ppy) 3 and bis(2-(2’-benzothienyl)-pyridinato-N,C 3 )iridium(acetylacetonate) 
btp 2 lr(acac). 
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Fig. 11.4 The absorption and 
luminescence properties of var¬ 
ious Ir(acac) dyes. Top: absorp¬ 
tion spectra for dyes with different 
ligands. The spectra have been 
offset for clarity. Bottom: the cor¬ 
responding photoluminescence 
spectra [24]. 



of 460 nm), so the 3 MLCT is the lowest excited states. In contrast, the 3 jiji * state 
of the thp-ligand is at 2.21 eV (564 nm), which is below the 3 MLCT state, so a pre¬ 
dominantly ligand-based state is the lowest-energy excited states in Ir(thp) 3 . A 
blue-shift of the emission from the triplet excited state is observed when adding 
fluorine atoms to the 4,6-positions of the 2-phenylpyridine ligand, as in bis(2- 
(4,6-difluorophenyl)pyridyl-N,C 2 ] iridium(acetylacetonate) (Flr(acac)) [25]. Repla¬ 
cement of the acetylacetonate ligand in Fir(acac) with picolinate (as in FIrpic) re¬ 
sults in an additional blue-shift of 20 nm. This latter dye has been extensively 
studied as a blue-emitting phosphorescent dye in OLEDs. For more detailed dis¬ 
cussions concerning the relative positions of 3 MLCT and 3 jtji* states in different 
Ir(III) complexes see [26]. 

Changing the chemical nature of the ligand strongly affects the HOMO and 
LUMO positions of the complexes (see Fig. 11.5). For example, Ir(ppy) 3 has the 
HOMO at 5.4 eV and will thus constitute a hole trap in most organic hosts 

[27] . The HOMO and LUMO level of FIrpic are at 5.8 eV and 2.9 eV, respectively 

[28] . Thus, this blue-emitting dye will predominantly act as an electron trap in 
many wide-bandgap matrices. 
















338 


7 7 Polymer Electrophosphorescence Devices 



biphenyl and CBP for 

4,4’-N,l\T-dicarbazolebi- 

phenyl. 

11.3 

Transfer Processes in Polymer Hosts Doped with Phosphorescent Dyes 

Unfortunately, the efficiency of pure layers of most phosphorescent dyes is very 
low, due to severe concentration-quenching (see, e. g., [29]). Therefore, the com¬ 
monly used concept is to blend a low-molecular weight phosphorescent dye 
into a proper matrix. Transfer of excitation to the guest is then promoted by 
three processes (Fig. 11.6): Forster transfer of singlet excitons generated on the 
matrix to the guest, Dexter transfer of both singlet and triplet excitons generated 
on the host to the dopant as well as direct generation of singlet and triplet exci¬ 
tons on the guest. In the latter case, the host only functions as the charge-trans¬ 
porting matrix, while in the former cases excitons are first generated on the host 
and then transferred to the dopant. Forster transfer requires significant overlap of 
the emission spectrum of the matrix and the absorption spectrum of the guest. 
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Fig- 11.6 Scheme illustrating various transfer processes from the host to the guest: electron 
(hole) transfer from the host LUMO (HOMO) to the guest LUMO (HOMO), Forster-type energy 
transfer between singlet states and Dexter-type energy transfer from the host to the guest triplet 
state. The nature of the excitonic state is simplified for better clarity 
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Because most phosphorescent dyes used in LED applications have the most pro¬ 
minent absorption in the blue/deep blue wavelength region, wide bandgap mate¬ 
rials have been used as hosts to insure efficient energy transfer in electropho- 
sphorescent devices. Efficient Dexter transfer, in contrast, only requires that the 
energies of the (singlet and triplet) excitons on the host match the exciton ener¬ 
gies on the guest. Finally, the phosphorescent dopant itself might function as a 
carrier trap and recombination site if there is a significant offset between the 
HOMO (or LUMO) positions of the host and the guest. 

Irrespective of the process leading to the excitation of the dye, confinement of 
the triplet exciton on the dye is only guaranteed if the T r S 0 energy of the guest is 
smaller than that of the host. This limits the choice of polymer host materials, 
depending on the emission color of the dye. At this point one has to remember 
that the singlet-triplet splitting in conjugated polymers is quite significant. 

Monkman et al. [30] have used pulse radiolysis and triplet energy transfer to 
measure the triplet energies in a broad range of different ji-conjugated polymers. 
According to these results, the energy of the lowest triplet state T x varies with the 
energy of the lowest singlet excited state S 1 via E( T x ) = 1.13 X E(S 1 ) - 1.45 eV. This 
implies that for most conjugated polymers, the lowest excited singlet state is ca. 
1 eV higher than T 1 . Though others reported a slightly smaller singlet-triplet split¬ 
ting of ca. 0.7 eV [8, 31], these results imply that only wide bandgap polymers are 
applicable as host materials for phosphorescent dyes. Nevertheless, a large variety 
of polymers with charge-transporting moieties in the sidechains [32-34] or fully 
conjugated polymers [35-42] have been demonstrated to function as hosts in elec- 
trophosphorescent devices. 

Cleave et al. [35] have studied in detail the transfer processes between several 
polymer hosts and PtOEP. Figure 11.7(a) displays the chemical structures of 
the used compounds as well as their HOMO and LUMO positions. Four different 
situations were identified: If the offset of the HOMO (and LUMO) levels of the 
host and guest is small, carrier trapping is not significant and energy transfer 
dominates the excitation of the guest. An example of this case is provided by 
the blend of PtOEP and PNP. In fact, evidence for Dexter transfer was provided 
by transient electroluminescence. As shown by Fig. 11.7(b), the transient of the 
PNP:PtOEP blend exhibits a well-resolved initial growth, attributed to the migra¬ 
tion of triplet excitons formed on the PNP host to the phosphorescent dye. On the 
other hand, if a large energy offset between the energy levels of the host and guest 
favors charge-carrier trapping, direct recombination of charges on the dye is the 
dominant process (as in the case of PtOEP doped into PFO). If both HOMO and 
LUMO levels are offset in the same direction, as for the DMOS-PPV blend, the 
excited states on both the host and the guest are unstable due to charge transfer. 
Finally, triplet energy transfer from the guest to the host has been observed for 
OC1C10-PPV doped with PtOEP. 

In general, several transfer processes will be “active” in a dye-doped polymer 
layer. In the following paragraphs, we will discuss some selected examples in 
more detail to illustrate the benefits of the relevant processes. 



340 


7 7 Polymer Electrophosphorescence Devices 


>2.5 

a) 

1 3 

las 


4 ■ 


D 

nj 

> 


-4,5 


5 : 


o 

| 5.5 
c 

LU 6 


2.9eV 


5,3eV 


PtOEP 



PNP 


2.9eV 


5.8eV 


PFO 


aieV- 


5.6eV 


DMOS-PPV 


3:1eV 


5.3eV 


LUMO 


HOMO 


OC1C10 





Fig. 11.7 (a) HOMO and LUMO levels for 

the polymers and PtOEP studied in [35]. 
Oxidation potentials were determined using 
cyclic voltammetry, using a Ag/AgCl standard 
reference. LUMO levels were obtained from 
combination of the CV-determined HOMO 
energy and the optical bandgap for each ma¬ 
terial. The chemical structures of the materials 
are also shown, (b) transient electrolumines¬ 
cence of blends of PtOEP with PFO or PNP, 
following excitation with an electrical pulse of 
a few hundred ns length. For PFO blends, 
transients were recorded with low and high 
current densities [35]. 


11.3.1 

Charge-Carrier Trapping 

As pointed out above, a nice example for the dominant excitation of the dye via 
charge trapping is poly(9,9-dioctylfluorene) doped with PtOEP. Polyfluorene is 
a wide bandgap blue-emitting polymer, which has been widely studied with re¬ 
spect to efficient blue-emitting diodes [43-46]. Evidence that charge trapping is 
the dominate excitation mechanism came from several observations [37]: First, 
the host emission in the EL spectra is suppressed already at very low dye concen¬ 
trations, as low as 1 wt. % of PtOEP in PFO (Fig. 11.8(a)). Secondly, there is a 
significant shift of the driving voltage (for a given current density or brightness) 
with increasing dye concentration (Fig. 11.8(b)). For example, the voltage to 
drive the LED at a current density of 5 mA/cm shifted from ca. 12 V for a 
pure PFO layer to 33 V for a layer containing 4 wt. % PtOEP. Note, that the driv¬ 
ing voltage decreased on increasing the PtOEP concentration further to 8 wt. %. 
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Fig. 11.8 upper graph: 
The electroluminescence 
spectra of PtOEP/PFO 
LEDs. The spectra are 
normalized to the phos¬ 
phorescence peak at 
646 mm and offset for 
comparison. Lower 
graph: Current density 
as a function of applied 
bias of a PFO LED and 
PtOEP/PFO LEDs with 
PtOEP concentrations of 
1%, 2%, 4% and 8% by 
weight [37], 




Bias (Volts) 


Most likely, the direct hopping of holes between PtOEP becomes possible at high¬ 
er concentrations, without the need for detrapping to the PFO host. On the other 
hand, the decay time measured in transient electroluminescence (after excitation 
with an electrical pulse of 4 ps duration) varied only slightly with concentration. 
Apparently, back transfer of excitons or charges to the host is not significant. Also, 
even though Forster transfer from PFO was clearly proven by the decrease of the 
host PL intensity with increasing dye concentration, the PFO PL efficiency was 
still 28% (ca. half of the efficiency of a pure PFO layer) at a PtOEP concentration 
of 1 wt. %. At this concentration, no PFO emission could be detected in the EL 
spectra. Finally, photoinduced absorption has been used to estimate the degree 
of Dexter transfer from the host to the dye. Surprisingly, the lifetime of the 
host triplet exciton (being 0.3-3.2 ms in the pure PFO layer) was not affected 
by the presence of the dye. Thus, Dexter transfer must be very inefficient even 
at a dye concentration of 8 wt. %. 
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11.3.2 

Dexter Transfer 

Besides direct charge recombination on the dye, transfer of singlet and triplet ex- 
citons initially formed in the host constitutes a possible way to excite the phos¬ 
phorescent dye. Occurrence of Forster transfer of singlet excitons has been proven 
for most dye-doped polymers by analyzing the decay of the host fluorescence in¬ 
tensity, accompanied by an increase of the guest emission intensity with increas¬ 
ing guest concentration. In contrast, acquiring evidence for Dexter transfer from 
the polymer host to the phosphorescent dye is far more difficult for several rea¬ 
sons. As pointed out above, transient electroluminescent experiments have 
been performed to provide evidence for Dexter transfer in a working device. How¬ 
ever, the EL dynamics in a dye-doped system also involves the dynamics of charge 
carriers and an unambiguous interpretation of the EL transients might be difficult 
in some cases. Therefore, several experiments have studied the dynamics of the 
host and guest triplet exciton upon photoexcitation [37, 39, 47-49]. For example, 
Noh et al. [47] have measured the phosphorescence decay kinetics of pure polyvi- 
nylcarbazole (PVK) and PVK doped with PtOEP. As shown in Fig. 11.9, the PVK 
triplet lifetime was clearly shortened upon addition of 1 wt. % of the phosphores¬ 
cent dye. This has been taken as evidence for efficient triplet-triplet energy trans¬ 
fer from the polymer host to the guest. 

The study of the triplet dynamics in fully conjugated polymer hosts turned out 
to be difficult, because the intrinsic phosphorescence is barely observed from 
these polymers. The main reason is the lack of spin-orbit coupling in these car¬ 
bon-based conjugated polymers, resulting in low intersystem-crossing (ISC) 
rates. Consequently, the polymer triplet state is only weakly populated after photo¬ 
excitation and the quantum yield of phosphorescence is low. 

An elegant approach to populate the triplet state of a conjugated polymer after 
excitation of its singlet has been reported by Rothe et al. [50]: A solid layer 
of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) was mixed with benzil, 
which efficiently converted the singlet excitation of the polymer to triplet excitons. 
Benzil has a very low fluorescence quantum yield (~0), due to n— >ji* nature of 


Fig. 11.9 Decay profiles of the "L 
state of PVK (opened circles) and 
PtOEP doped PVK (filled circles) 
films at 502 nm measured at 5.5 K. 
The triplet lifetime of PVK at 502 nm 
was clearly shortened by doping of 
PtOEP [47], 
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the lowest singlet state [51]. On the other hand, the quantum yield for ISC is very 
high (0.92). Because the singlet state of PF2/6 is ca. 0.28 eV higher than that of 
benzil and the polymer triplet state is ca. 0.17 eV below that of benzil, this com¬ 
pound should act as a very efficient singlet-triplet converter when blended into 
PF2/6. These authors further studied the photophysics of layers doped with 
PtOEP to provide evidence for triplet-triplet energy transfer. One important ad¬ 
vantage of this approach is that the fluorescence of the polymer host is effectively 
quenched by the addition of benzil. Thus, the probability for energy transfer from 
the polymer host to the phosphorescent dye via Forster-type singlet exciton trans¬ 
fer is greatly reduced. 

Bagnich et al. [49] have studied the photophysics of a ladder-type PPP (MeLPPP) 
doped with PtOEP and benzil. Upon addition of benzil at a concentration of ca. 20 
wt. % the prompt fluorescence of MeLPPP is largely quenched, by a factor of more 
than 30. In order to prove that triplet-triplet transfer takes place between the poly¬ 
mer host and PtOEP, a blend system with 0.001 % by weight of PtOEP added to 
MeLPPP was studied. This amount of PtOEP does not lead to significant quench¬ 
ing of the polymer fluorescence. Most importantly, adding 20 wt. % of benzil to the 
MeLPPP:PtOEP layer reduced the phosphorescence intensity of PtOEP by a factor 
of only 3.5, while the prompt fluorescence of the polymer host decreased by a fac¬ 
tor of 30. This provides strong evidence that in addition to Forster-type singlet- 
singlet transfer, other channels for exciting the phosphorescent dye must exist 
in the doped system. Since the quantum yield of fluorescence of benzil is close 
to zero, and no strong benzil phosphorescence is observed from the MeLPPP:ben- 
zil layers, direct transfer from a singlet or triplet exciton on the benzil to the phos¬ 
phorescent dye can be neglected. Thus, the main channel for populating the tri¬ 
plet state of PtOEP in the benzil-doped system must involve (a) the benzil-sensi- 
tized conversion of polymer singlet excitons to triplet excitons, (b) the triplet ex¬ 
citon migration within the polymer matrix and (c) triplet-triplet energy transfer to 
the dye. 

Further confirmation of this assignment comes from time-resolved phosphor¬ 
escence measurements. Figure 11.10 shows the phosphorescence decay curves 
of the PtOEP in MeLPPP, without and with benzil codoped at a concentration 
of 20 wt. %. In both cases, fast and slow components are observed. The decay 
time of the fast component agrees with the intrinsic lifetime of the triplet state 
of PtOEP (70-100 ps). Obviously, the fast component is due to porphyrin mole¬ 
cules excited as a result of the singlet-singlet energy transfer from the polymer. 
The introduction of benzil sharply decreases this fast contribution. At the same 
time, there is a marked increase of the long-lived component, with a lifetime com¬ 
parable to that of the polymer (ca. 15 ms). This proves that the main energy donor 
for the PtOEP triplet state in the benzil-sensitized system is the triplet state of the 
polymer. 
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Fig. 11.10 Decay of the PtOEP phosphorescence in a MeLPPP film without and with 20 wt. % 
of benzil at 77 K. The curves were recorded with a gate width of 10 ms (taken from [49]). 


11.3.3 

Energy Back Transfer 

A very nice and illustrative example for triplet quenching via triplet energy back 
transfer between the guest and the host molecules was published recently by 
Sudhakar et al. [52]. Luminescent-quenching studies were carried out by measur¬ 
ing the phosphorescent lifetimes of various phosphorescent dyes in the presence 
of a model oligofluorene (F 3 ) (see Fig. 11.11(a)). The oligomer was chosen instead 
of the polymer for several reasons, one being that the oligomer is fully transpar¬ 
ent in the wavelength region where the phosphorescent dyes absorb. Figure 
11.11(b) shows Stern-Volmer plots illustrating the quenching of the dye emission 
upon addition of F 3 with increasing concentration. Excitation was at 435 nm, 
which excites only the iridium complexes. Apparently, rapid quenching of the 
phosphorescence of the blue-emitting FP (= FIrpic) and the green-emitting 
PPY (= Ir(ppy) 3 ) occurs in the presence of F 3 due to Dexter back transfer. On 
the contrary, quenching was far less efficient for the complexes with the triplet 
energy below 2.2 eV. It was concluded that F 3 has its lowest triplet state at 2.3 
eV, slightly above the T 1 energy of the polymer (2.1 eV, [31]). Consequently, poly- 
fluorene can be considered to be a suitable host only for red-emitting phosphors 
such as (btp) 2 Ir(acac). 
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Fig. 11.11 Upper graph: Schematic energy-level diagram showing energy transfer between F 3 
(left) and the iridium complexes studied by Thompson and coworkers (right). Lower graph: 
Stern-Volmer plot for quenching of the five phosphors by F 3 . (Legend: ■ FP, ▲ PPY, ♦ Bf 
• PQ, ▼ BTP). The table shows the triplet energies of the phosphors and their Stern-Volmer 
quenching constants [52]. 


11.4 

Polymer Phosphorescence Devices based on PVK 

PVK is a very suitable polymer host for phosphorescent dyes. The PVK T 1 state is 
at ca. 2.5 eV [53], so the polymer is suited to host green- and red-emitting dyes. 
HOMO and LUMO positions are at 5.8 eV and 2.2 eV, respectively [53]. Therefore, 
most dyes will constitute charge-carrier traps in PVK. The room-temperature 
emission of PVK is from an excimer, with a rather low quantum efficiency of 
ca. 9% (for PVK blended with PBD at a ratio 1:0.4) [54]. Consequently, good 
color purity can be easily achieved. By now, a large variety of dyes have been 
tested as emitting species in a PVK matrix. For historical reasons, we will first 
discuss devices using the green-emitting dye Ir(ppy) 3 and chemically related 
phosphors. 
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11.4.1 

Green PVK-based Devices 


The first example of a LED based on PVK:Ir(ppy) 3 was published by Yang and 
Tsutsui [33]. These devices consisted of a PVK:Ir(ppy) 3 layer with a dye concentra¬ 
tion of 4.8 or 6.8 wt. % and an electron-transporting layer, sandwiched between 
ITO and MgAg. As shown in Fig. 11.12, the external efficiency of the devices de¬ 
pended strongly on the choice of the electron-transporting component. The high¬ 
est efficiency (peak efficiency of 7.5 %) was reported for the structure with an 1,3 - 
bis[(4-tert-butylphenyl)-l,3,4,-oxadiazolyl]phenylene (OXD-7) layer, but without a 
BCP blocking layer. Shortly afterwards, Lee et al. [55] published a polymer phos¬ 
phorescent device with a similar device structure but with lower efficiency. How¬ 
ever, all these devices included one or few additional electron-transporting layer 
deposited by thermal evaporation on top of the spin-coated polymer emission 
layer, the reason being that the electron mobility of PVK is rather poor [56]. 
Lamanski et al. [34, 57] were the first to show that efficient single layer polymer 
electrophosphorescent devices can be constructed when adding the electron-trans¬ 
porting compound 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-l,3,4-oxadiazole (PBD) 
to the PVK host to facilitate electron transport. Devices with a ca. 130-nm layer 
composed of PVK (67 wt. %,) PBD (30 wt. %) and Ir(ppy) 3 (3 wt. %), sandwiched 
between an ITO anode and a MgAg cathode, exhibited an EQE of 3.4% (corre¬ 
sponding to a peak current efficiency of 12.3 cd/A) and a turn-on voltage of 8 V 
[57]. Based on the complete absence of PVK or PBD emission, these authors 
noted that excitons must be exclusively formed on the phosphorescent dopant. 
The efficiency of devices based on a PVK:PBD:Ir(ppy) 3 emission layer were 
further improved to 8.5 % (30.1 cd/A) by adding a 5-nm thick 2,2 , ,2”-(l,3,5-beze- 
netriyl)tris(l-phenyl)-lH-benzimidazole (TPBI) hole-blocking layer and a 30-nm 



Current density(mA/cm 2 ) 


Fig. 11.12 External quantum 
efficiency plotted against current for 
four different devices containing an 
PVl<:Ir(ppy) 3 emission layer. 

The electron-transporting layer is (a) 
Alq 3 , (b) OXD-7. Also, devices were 
fabricated with an additional BCP 
hole-blocking layer (c) BCP/Alq 3 , 

(d) BCP/OXD-7 [33]. 
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Fig. 11.13 Brightness (■) and 
current density (•) characteristics 
of a ITO/PEDOT/[lr(DPF) 3 ]:PVI<- 
PBD/Ca/Ag device with a lr(DPF) 3 
concentration of 1 wt. % as function 
of applied voltage [59]. 
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thick Alq 3 electron-transporting layer [58]. Apparently, adding a hole-blocking 
layer improved the charge balance in these devices with Mg/Ag electrodes. This 
indicates that upon appropriate design of the device, highly efficient electropho¬ 
sphorescence can be achieved from dye-doped polymer emission layers. 

In the same year, Gong et al. [59] demonstrated that single-layer devices can 
exhibit efficiencies close to 10%, corresponding to 36 cd/A. Their devices differed 
in several points from those reported by Lamanski et al. First, a more suitable 
Ca-electrode was used instead of the MgAg cathode employed in former reports. 
Secondly, a green-emitting Ir-complex with fluorene-ligands, tris[9,9-dihexyl-2- 
(pyridinyl-2')fluorene] iridium (Ir(DPF) 3 ), was used, which is expected to be 
slightly more electron-rich than the corresponding Ir(ppy) 3 . 

In fact, the driving voltage of diodes with Ir(DPF) 3 doped into a PVK:PBD ma¬ 
trix increased dramatically with dye concentration. This gave strong evidence that 
the dye constitutes a deep charge trap (most likely a hole trap) in the PVK:PBD 
matrix. For an Ir(DPF) 3 concentration of 5 %, a voltage as high as 37 V needed 
to be applied to drive the device at 1 mA/cm 2 . It was also shown that the dye con¬ 
centration affects the quantum efficiency and best values were obtained for de¬ 
vices with 0.3-1 wt% Ir(DPF) 3 . Figure 11.13 shows the voltage dependence of 
the current density and brightness for a device containing 1 wt. % of the dye. 
Due to severe charge-carrier trapping, accompanied by the build-up of a space- 
charge field, high current densities and high brightness were only achieved at 
very high voltages. As a consequence, the power efficiency of the most efficient 
device (with 0.3 wt. % dye concentration) was 2.5 lm/W, only. Nevertheless, this 
important work demonstrated that very efficient single-layer electrophosphores- 
cent devices can be made with dye-doped polymers. 


11.4.1.1 Excitation of the Dye in the PVK Matrix 

As pointed out above, the significant increase in driving voltage with increasing 
dye concentration already indicates that carrier trapping is severe in these 
PVK:PBD:Ir(DPF) 3 layers. Further evidence for the predominant excitation of 
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the dye via charge-carrier trapping and recombination on the dopant comes 
from the comparison between PL and EL spectra. In PL (with excitation of 
the matrix at 330 nm) a dye concentration of 8 wt. % is needed to completely 
quench the emission of the host via Forster and Dexter transfer to the dye [59]. 
A more detailed analysis of the PL as a function of dye concentration showed 
that the dependence of the energy-transfer efficiency on the Ir(DPF) 3 concen¬ 
tration is consistent with a Forster-type transfer of singlet excitons from the 
matrix to the dye [48, 60]. Nevertheless, LEDs with a dye concentration as 
small as 0.1 wt. % yielded pure dye emission, indicative of charge-carrier trapping 
[59]. However, these experiments could not rule out that Dexter transfer (which 
is not significant in PL experiments) contributes to the excitation of the dopant 
in the EL experiments. Evidence for efficient Dexter energy transfer comes 
from transient EL measurements performed by Noh et al. [47] on Ir(ppy) 3 
doped at 8 wt. % into PVK. Nevertheless, there is little doubt that neither Forster 
nor Dexter transfer dominates the excitation of the dye in electroluminescence 
devices. 


11.4.1.2 Optimizing the Devices 

Even though the formation of the guest triplet excited state via carrier trapping 
and subsequent direct carrier recombination on the guest molecule is an elegant 
way to achieve good color purity and high efficiency, as pointed out above, it is 
often accompanied by a high operating voltage due to the build-up of a space- 
charge field. We have, therefore, conducted a detailed study on the processes gov¬ 
erning the efficiency and driving voltage in these dye-doped PVK LEDs [61]. In a 
first step, the preparation conditions of layers containing ca. 1 % of a methyl-sub¬ 
stituted iridium complex, Ir(mppy) 3 , in a PVKiPBD matrix were optimized with 
respect to device performance. Most noticeable, annealing the active layer prior 
to the deposition of the Ca cathode significantly reduced the driving voltage, ac¬ 
companied by a ca. 20 % increase of the luminance efficiency. In total, annealing 
led to a ca. 37 % improvement of the PCE, resulting in ca. 7.5 lm/W at a bright¬ 
ness of 600 cd/m 2 . At the moment we can only speculate about the reason for this 
improvement. Nguyen et al. [62] reported a ca. 50% higher EQE for devices based 
on annealed poly(2-methoxy-5-(2’-ethylhexyloxy)-l,4-phenylenevinylene) (MEH- 
PPV) layers. This was explained by an improved interfacial contact to the cathode, 
due to the smooth surface of the annealed MEH-PPV film. A significant improve¬ 
ment in device efficiency has also been observed when annealing a multicompo¬ 
nent polymer emission layer prior to the deposition of the cathode. In this case, 
AFM studies revealed significant morphological changes, including the formation 
of phase-separated structures [63]. However, our AFM studies on the annealed 
PVK:PBD:Ir(mppy) 3 layers did not provide any evidence for phase separation. Evi¬ 
dence for the crucial role of electron injection comes from the significant im¬ 
provement of device efficiency when inserting a thin LiF layer between the Ca- 
cathode and the emission layer [61]. It is well established that introducing a 
thin metal fluoride layer between an organic layer and low work function metals 
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such as Ca or Yb improves the performance of organic light-emitting devices via 
improved electron injection [64]. 

Further information on how charge transport and charge-carrier trapping affect 
the device properties could be obtained by studying devices with different con¬ 
centrations of the electron-transporting moiety PBD and of the hole-trapping 
Ir(mppy) 3 complex. As a third crucial parameter, the layer thickness was varied 
over a wide range. In order to minimize the number of devices, a statistical ap¬ 
proach was utilized [65]. In short, 13 different devices with PBD concentrations 
c PBD ranging between ca. 10 and 35 wt. %, Ir(mppy) 3 concentrations c lr between 
ca. 0.3 and 7 wt. % and PVK layer thicknesses d PVK between 50 and 110 nm 
were examined. In all cases, the emissive layers were annealed and an interfacial 
LiF layer was added before deposition of the Ca/Al cathode. Current-brightness- 
voltage characteristics of the different devices were recorded and, in the analysis 
of the data, various device properties such as the luminance efficiency and the 
driving voltage were compared at certain current densities. Then, each of these 
device properties (denoted here as P(c PBD , c lv d PVK )) was separately fit to a 2 nd - 
order polynomial function of the variables c PBD , c h and d PVK : 


P( c pbd> c iv ^pvk) _ 2hc PBD + A 2 c pbd + fhcjr + B 2 c Ir + C 3 d P VK + C 2 d PVK 
+ Dc PBD c Ir + £c PBD d P v K + Fc h d P y K 


( 11 . 1 ) 


This results in 9 fitting coefficients A-F for each device property. However, for the 
devices studied, only very few of these coefficients had values with statistical sig¬ 
nificance. Most importantly, both the efficiency and the driving field depended 
strongly on the concentration of PBD, while they were only weakly affected by 
the concentration of the Ir-dye. Figure 11.14(a) shows the resulting multipara¬ 
meter fitting function to the electric field at a constant current density of 5 mA/ 
cm , plotted as a function of c PBD and d PVK for a fixed value of c h = 3.5 wt. %. Also 
shown are the measured data points (symbols). Even though these data were 
measured for devices with very different Ir(mppy) 3 concentration, most data 
points he close to the response surface plot of the multiparameter fitting function, 
calculated for a constant Ir(mppy) 3 concentration. This illustrates that varying the 
Ir(mppy) 3 concentration does not significantly influence the driving field. 
We, therefore, presume that the space-charge formed by hole trapping on the 
Ir(mppy) 3 can be effectively neutralized by efficient electron injection and trans¬ 
port in our devices. 

The corresponding response surface plot of the fit to the luminance efficiency 
(Fig. 11.14(b)) also shows that the concentration of the electron-transporting 
moiety in the layer is the major parameter controlling the device performance. 
In fact, increasing the PBD concentration from 10 to 35 wt. % doubles the lumi¬ 
nance efficiency. Also, the rather small scatter of the experimental data around 
the fitting function (calculated for a constant value of c Ir ) suggests, that the Ir(mp- 
py) 3 concentration has only a weak influence on the device efficiency. However, 
there are few data points situated well above the fit, which were all measured 
for devices with Ir(mppy) 3 concentrations less than 0.5 wt. %. Apparently, 



350 


7 7 Polymer Electrophosphorescence Devices 



X 1DQQDQ) 
31 


110 0 

PVK Thickness [mn] 


10 15 2# 25 M 35 
PSD Concentration (%] 


Field [le&V.icm] 



1 . 0 - 1.25 
1-£5 1 5 

1.5 ■ 1.75 
1.75 -2.D 
2.0 - 2.25 
2.25 - 2.5 

2.5 - 2.75 
2 . 75-30 



PVK Thickness [nrn] PBD Concentration {%] 


Emetine^ [CaAl 

qo-jq 

30 - &Q 

■ 1-0 - M 

■ 3 0 -12.0 

■ 12.0-150 

■ iso i eu 

■ 13.0-21.0 


Fig. 11.14 Results of 
the statistical analysis of 
the dependence of the 
electric field (upper 
graph) and the lumi¬ 
nance efficiency (lower 
graph) of PEDT:PSS/ 
PVK:PBD:lr(mppy) 3 / 
LiF/Ca devices on the 
PBD concentration, the 
PVK layer thickness and 
the lr(mppy) 3 concen¬ 
tration. Symbols show 
the experimental data 
measured at a constant 
current density of 5 mA/ 
cm 2 for devices with 
lr(mppy) 3 concentrations 
of 0.3-0.5 wt. % (open 
circles), 2.5-4 wt. % 

(solid squares) and 
5-7 wt. % (open squares). 
The response surface 
and contour plots 
present the correspond¬ 
ing multiparameter 
functions according to 
Eq. (11.1), obtained from 
the best fit to the ex¬ 
perimental data, plotted 
for a fixed lr(mppy) 3 
concentration c lr of 
3.5 wt .% ([61]). 


higher dye concentrations introduce additional nonradiative channels, either due 
to the formation of aggregates or by triplet-triplet annihilation between triplet ex- 
citons situated on adjacent dyes. 

Taking into account this effect, the data shown in Fig. 11.14(b) suggest that the 
total number of guest triplet excitons formed in the emission layer per unit time 
and unit area at a given current density is rather independent of the concentration 
of the hole-trapping Ir-complex. This observation provides clear evidence that the 
transfer of excitons initially formed on the matrix plays a minor role for the exci¬ 
tation of the dye. The result also suggests that the capture of charges by the in¬ 
dividual guest molecules is not the main step limiting the kinetics of triplet for¬ 
mation on the phosphorescent Ir-complex. Furthermore, at high PBD concentra¬ 
tions, there is no dependence of the driving field on the layer thickness. Appar¬ 
ently, the current is neither transport limited nor influenced by the build-up of 
a space-charge field at these PBD concentrations. 
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11.4.1.3 Optimizing Charge Injection 

The device efficiency could be further improved by replacing the LiF/Ca cathode 
with a CsF/Al cathode [61]. Earlier works on devices with fluorescent and phos¬ 
phorescent organic layers have shown that a thin CsF layer in combination 
with a Ca, A1 or MgAg electrode greatly improves electron injection [66-68]. Fig¬ 
ure 11.15(a) shows the current-brightness-voltage characteristics of a device with 
a PBD concentration of 30 wt. %, an Ir(mppy) 3 concentration of 1 wt. % and CsF/ 
A1 cathode. Figure 11.15(b) displays the dependence of the luminance efficiency 
and the PCE on the current density of the devices. The turn-on voltage (0.1 cd/m 2 ) 
of the device was 3.5 V. The maximum luminance efficiency was 27 cd/A at a cur- 
rent density of 2.3 mA/cm and a brightness of 610 cd/m , corresponding to an 
EQE of 7.6 %. Even though the luminance efficiency and power efficiency de¬ 
creased gradually with increasing current density, the luminance efficiency was 
23.4 cd/A at a current density of 20 mA/cm 2 , an operating voltage of 8.9 V and 
a brightness of 4680 cd/m , corresponding to an EQE of 6.6% and a PCE of 

8.3 lm/W. 

On the anode side, even the utilization of PEDT:PSS (with a work function of 
ca. 5.2 eV) leaves a ca. 0.6-eV barrier for hole injection to PVK (HOMO at 5.8 eV 
[53]). It can thus be expected that the reduction of the barrier height for hole in¬ 
jection will significantly improve the power efficiency of the PVK-based devices. 




Fig. 11.15 (a) Current-brightness- 

voltage characteristics of a green- 
emitting PVK-based device with a 
70-nm thick PEDOT:PSS layer and a 
CsF(l nm)/AI cathode. Also shown 
are the corresponding curves for the 
luminance efficiency and the PCE as a 
function of the current density (b). 
The inset shows the chemical struc¬ 
ture of lr(mppy) 3 . The absolute 
lr(mppy) 3 concentration in the 
PVK(70):PBD(30) host was 
0.7 wt .% ([61]). 
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Recently, we have demonstrated that adding the hole-transporting molecule 
TPD significantly improved device performance, without any further modification 
of the charge-injection electrodes [69]. TPD is particularly suitable because the 
HOMO level of TPD at 5.5 eV [70] is similar to that of Ir(ppy) 3 (5.4 eV) [27] 
but significantly higher than that of PVK. In fact, TPD was earlier shown to func¬ 
tion as a hole trap at low concentration and a hole-transporting moiety at high 
loading when doped into PVK [71]. In the latter case, charge transport was pro¬ 
posed to occur by hopping between adjacent TPD molecules, without the need 
for thermally assisted back transfer to the PVK matrix. In our devices, the opti¬ 
mum TPD concentration was determined by two processes: On one hand, the 
TPD concentration needed to be high enough to guarantee that holes are injected 
directly into the TPD-HOMO. Work by Adachi [18] has shown that direct hole 
injection onto the dopant becomes efficient at dopant concentrations above ca. 
6 wt. %. On the other hand, if the TPD concentration was raised to 19 wt. %, 
the efficiency dropped again (though the driving voltage decreased further), 
which is indicative of the formation of TPD-percolation pathways for holes. 
Based on these consideration we presumed that at intermediate doping levels, 
charges are predominately injected from the PEDT:PSS anode onto the TPD 
molecules. Then, transport of holes occurs mainly by hoping between TPD and 
Ir(mppy) 3 molecules. This is confirmed by the data shown in Table 11.1. 

Interestingly, EL spectra of devices with a low Ir(mppy) 3 concentration in the 
PVK:PBD:TPD matrix exhibited a well-resolved blue component, which we attrib¬ 
uted to the emission from a TPD:PBD exciplex. Note that the emission from an 
undoped PVK:PBD matrix has been assigned to originate from an exciplex be¬ 
tween PVK and PBD, as mentioned above [72]. Therefore, the question arises 
as to why the PVK:PBD exciplex emission is efficiently suppressed in the EL of 
the PVK:PBD:Ir(mppy) 3 layer even at low dye concentration. Based on the large 
offset between the HOMO positions of PVK and the dye we presume that the 
probability to form the exciplex on the matrix is very low, due to hole trapping 
on the dye. In contrast, the HOMO positions of TPD and Ir(mppy) 3 are almost 
identical. In addition, the LUMO level of TPD (-2.4 eV) [70] is similar to that 


Table 11.1 Performances of PVK:PBD based single-layer devices 
with ca. 6% lr(mppy) 3 and different TPD concentrations [69]. 


TPD 

concentration 

Peak luminous 
efficiency 

Voltages 

at 10 2 , 10 3 , 10 4 cd/m 2 

PCE at 

1000 cd/m 2 

Brightness at 10 V 

0% 

23.7 cd/A 

5.0 V, 6.9 V, >10 V 

10.5 lm/W 

8920 cd/m 2 

6% 

35.5 cd/A 

4.4 V, 5.9 V, 8.8 V 

17.6 lm/W 

17900 cd/m 2 

9% 

38.1 cd/A 

4.3 V, 5.8 V, 8.6 V 

19.8 lm/W 

18600 cd/m 2 

12.5% 

37.1 cd/A 

4.2 V, 5.6 V, 8.4 V 

19.8 lm/W 

21400 cd/m 2 

19% 

27.6 cd/A 

4.1 V, 5.4 V, 8.2 V 

15.2 lm/W 

22100 cd/m 2 
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Fig. 11.16 (a) Current- 

density (solid symbols) - 
brightness (open symbols) 
- voltage characteristics of 
a device containing PVK 
(0.61) + PBD (0.24) + 
lr(mppy) 3 (0.06) + TPD 
(0.09) (circles) and of a 
control device without TPD 
(squares); (b) the corre¬ 
sponding luminance effi¬ 
ciency (solid symbols) and 
power conversion effi¬ 
ciency (open symbols) 
curves as a function of 
current density (data taken 
from [69]). 



Voltage (V) 




of the dye (-2.4 eV) [27] and, correspondingly, the electron confinement on the 
dye is weak. Thus, exciplexes should form easily on the PVK:PBD:TPD matrix, 
with almost the same probability as excitons form on the dye. Consequently, effi¬ 
cient devices with pure dye emission require Ir(mppy) 3 concentrations signifi¬ 
cantly higher than the optimum concentration in layers without TPD. 

Figure 11.16 shows the current density-brightness-voltage properties of a de¬ 
vice with ca. 6 wt. % Ir(mppy) 3 and 9 wt. % TPD, compared to that of a control 
device without TPD. The peak luminance efficiency of the TPD-doped device is 
38 cd/A at a current density of 1.8 mA/cm 2 , a voltage of 5.5 V and a brightness 
of 700 cd/m 2 , corresponding to an external quantum efficiency of 10.7 %. More- 
over, the maximum PCE is 24 lm/W, with a current density of 0.4 mA/cm , a vol¬ 
tage of 4.4 V and a brightness of 136 cd/m 2 . The operating voltages for 10 2 , 10 3 , 
10 4 cd/m 2 were 4.3 V, 5.8 V, 8.6 V, respectively. These performances are approach¬ 
ing those of multilayer devices based on 4-4 , -N,N'-dicarbazole-biphenyl (CBP) 
host, the low molecular weight counterpart host to PVK [73-75]. 


Brightness (cd/m 2 ) 
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11.4.2 PVK-based Devices with Red Emission 

Most work related to red phosphorescence with a PVK host has been performed 
with Btp 2 Ir(acac) (see Fig. 11.3 for the chemical structure). This dye has an emis¬ 
sion wavelength of ca. 620 nm (note that emission maxima lower and higher in 
wavelength are frequently reported for this dye). With the HOMO at 5.1 eV and 
the LUMO at 2.4 eV, this dye constitutes a deep hole and a weak electron trap 
in PVK. In addition, red-emitting devices have been made with platinum-based 
complexes such as 2,8,12,17-tetraethyl-3,7,13,18-tetrametyl porphyrin (PtOX), 
cis-bis[2-(2-thienyl)pyridine-N,C 3 ] platinum (Pt(thpy) 2 ) [34], europium [76-78] 
and ruthenium complexes [79]. For devices containing PtOX (or the chemically 
related PtOEP) in PVK, a peak external quantum efficiency of 2.5 % (correspond¬ 
ing to 1.4 cd/A) was reported [80]. Note that the emission of PtOX origins from a 
transition located on the ligand, which becomes partially allowed by the 
presence of the heavy-metal atom in the center of the porphyrin ring. As a 
consequence, this compound exhibits a rather long phosphorescence lifetime of 
ca. 70-100 ps and nonradiative decay processes in the bulk can significantly 
lower the fraction of triplets decaying radiatively to the ground state. In fact, 
work by Monkman and coworkers [41] has nicely demonstrated a strong relation 
between the phosphorescence lifetime of a dopant and the external electro¬ 
phosphorescence efficiency. This might explain why, despite the high PL quan¬ 
tum efficiency of PtOX in solution (44% in toluene [34]), the performance of 
PtOX- (and PtOEP-) based devices is quite disappointing. On the other hand, 
(Pt(thpy) 2 ) possesses a short emission lifetime (2 ps in toluene) but the quantum 
efficiency is low (18%) [34]. As a consequence, the performance of devices based 
on PVK:PBD:Pt(thpy) 2 , as reported by Lamanslcy, is also poor. 

LEDs based on europium complexes are interesting for applications, because 
they emit red light with a very small spectral line width, as small as 3.5 nm. How- 
ever, the corresponding D 0 - F 2 transition of the Eu ion is parity forbidden and 
the emission lifetime is extremely long (hundreds of microseconds). This might 
explain why the EQE of devices based on europium complexes doped into PVK 
(or other conjugated polymer matrixes) is rather low and decreases rapidly with 
increasing driving current. 

Xia et al. [79] reported a rather efficient red-emitting diode (peak wavelength 
612 nm) based on the ionic ruthenium-complex [Ru(4,7-Ph 2 -phen 3 ] 2+ . The most 
efficient device comprised an ITO anode, a PVK layer doped at 5 wt. % with a 
dye, a PBD hole-blocking layer, an Alq 3 electron-injecting layer and a LiF/Al 
cathode. The maximum luminance efficiency was 8.6 cd/A (at a brightness of 
4 cd/m 2 ). However, the efficiency dropped significantly to 2.6 cd/A at 100 cd/m 2 . 
Moreover, the driving voltage was very high (21V for a brightness of 100 cd/m ), 
which might be indicative of severe charge trapping. 

Red emission from btp 2 Ir(acac) in a PVK matrix was first reported by Chen at 
al. [80]. The devices consisted of a PVK:PBD (1:1) matrix, doped with 4 wt. % of 
the dye. ITO/PEDT:PSS and Ca/Al were used as the anode and cathode, respec¬ 
tively. The diode emitted pure red light with the maximum at 614 nm (see Fig. 
11.17). The peak EQE was 3.3% (corresponding to 2.6 cd/A) at a brightness of 
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Fig. 11.17 Current-light-voltage curves ofPLEDs with 4% btp 2 lr(acac)-doped PVICPBO matrix 
as the emitting medium. The inset shows electroluminescence from the same device [80]. 


147 cd/m 2 . Interestingly, the efficiency decayed only gradually with increasing 
current density, in clear contrast to the sharp drop of the efficiency for the 
same devices doped with PtOX. It was presumed that the short phosphorescence 
lifetime (ca. 5 ps) reduces the probability of quenching via triplet-triplet or triplet- 
polaron annihilation. Note that the voltage needed to drive the device at ca. 150 
cd/cm 2 was rather large, 13 V, leading to a PCE of only 0.6 lm/W. In the same 
year, Kawamura reported a red-emitting diode based on a PVK:btp 2 Ir(acac) emis¬ 
sion layer in combination with a BCP exciton blocking and a Alq 3 electron-trans¬ 
porting layer [53]. Even though the device structure was more complicated than 
that used by Chen et al., the device performance was inferior (peak EQE of ca. 
1.9% and PCE = 0.32 lm/W at 100 cd/m 2 ). Here we note that the emission 
layer in the device published by Kawamura et al. [53] did not contain any addi¬ 
tional electron-transporting moieties such as PBD. This highlights the impor¬ 
tance of guaranteeing a balanced injection and transport of electrons and holes 
though the emission layer by optimizing its constituents. 

Slightly higher efficiencies were reported by Gong et al. [81], using tris(2,5-bis- 
2 , -(9 , ,9 , -dihexylfluorene) pyridine) iridium (Ir(HFP) 3 blended into a PVK:PBD 
(60:40) matrix. These devices emitted reddish light with the peak at 600 nm, 
even at a dye concentration of 0.05 wt. %. The maximum EQE (5 % corresponding 
to 7.2 cd/A at a brightness of 169 cd/m ) was reported for a dye concentration of 
3 wt. %. Unfortunately, the voltage to drive the device was rather high, resulting in 
a low PCE of 1.3 lm/W. The highest efficiency reported so far for btp 2 Ir(acac) was 
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Fig. 11.18 left: Current-brightness-voltage characteristics of a single-layer red-emitting device 
based on (l-(phenyl)isoquinoline) 2 lr(acetylacetonate) piq 2 lr(acac) (see inset for the chemical 
structure). The structure of the device was PEDT/PVK:PBD:piq 2 lr(acac)/CsF/AI. 

The right graph displays the efficiency of the device as function of current density 
(X. H. Yang and D. Neher, unpublished data). 


reported recently by Nakamura et al. [82]. Compared to earlier reports, these 
authors used OXD-7 instead of PBD and Ca was replaced by Cs. Cs has been re¬ 
ported to act as an efficient electron-injecting electrode due to its low work func¬ 
tion (2.1 eV compared to ca. 2.9 eV for Ca). The maximum luminance efficiency 
was 4.3 cd/A (corresponding to EQE = 5.5 %). Unfortunately, no data on the driv¬ 
ing conditions and/or on the PCE were provided. Finally, iridium isoquinoline 
complexes have been shown to emit red light with significant shorter lifetime 
compared to, e. g., the red-emitting dye btp 2 Ir(acac) [83]. Figure 11.18 shows 
the current-brightness-voltage characteristics of red-emitting single-layer devices 
with the structure PEDT/PVK:PBD:piq 2 Ir(acac)/CsF/Al. At 100 cd/m 2 , the effi¬ 
ciency was 4.3 cd/A (EQE = 5.1%) and the PCE was 2.1 lm/W (6.4 V). This is 
among the highest PCE values reported for red-emitting phosphor-doped PVK 
devices. 

11.4.3 

PVK Devices with Blue Emission 

Unfortunately, only few phosphorescent dyes emit blue light. The most studied 
blue-emitting Ir-complex is bis[(4,6-difluorophenyl)-pyridinato-N,C 2 ](picolina- 
to)Ir(III) (FIrpic, see Fig. 11.3 for the chemical structure). The emission spectrum 
of this dye is broad with the maximum at ca. 470 nm. As mentioned earlier, the 
HOMO and LUMO level of FIrpic is at 5.8 eV and 2.9 eV, so the dye should con¬ 
stitute a rather deep electron trap but not a hole trap in PVK. Also, the triplet 
energy is 2.62 eV [25], comparable to or even larger than the PVK triplet energy 
as determined from the peak wavelength of the PVK phosphorescence of 500 nm 
[47]. It has, therefore, been proposed that the transfer of excitons from the host to 
the dye is an endothermic process [53]. 
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Fig. 11.19 External quantum 
efficiency and luminous power 
efficiency as functions of the 
current density for the PLEDs 
doped with Flrpic (12 wt.%) or 
btp 2 lr(acac) (1 wt.%) [84]. 



Current Density (mA/cm 2 ) 





The first devices using Firpic doped into PVK have been published by Kawa- 
mura et al. [53]. Interestingly, the device properties changed only slightly when 
increasing the dye concentration in PVK from 2.5 wt. % to 10 wt. %. The highest 
efficiency was 1.3 % (corresponding to 2.9 cd/A) at a dye concentration of 10 wt. % 
Also, the quantum efficiency varied only slightly with current density over a wide 
range. This result is surprising, as the triplet exciton should not be well confined 
on the dye, leading to TT annihilation at higher current densities. 

As expected, decreasing the injection barriers and adding electron-transporting 
molecules improves the efficiency of the device considerably. Today's best effi¬ 
ciencies have been reported for the structure ITO/PEDT:PSS/PVK:OXD-7: 
Firpic(12wt. %)/Ca/Al. As shown by the data in Fig. 11.19, the maximum EQE 
was 5.9% (corresponding to 12 cd/A) and the peak PCE was 6.4 lm/W [84]. 

11.4.4 

White Electrophosphorescence from PVK-based Devices 

Most attempts to obtain white phosphorescence use two or three different dyes 
doped into PVK [53,84,85]. For example, Fig. 11.20(a) shows the EL emission 
spectra of white-emitting diodes with different concentrations of Firpic, bis(2-2- 
(2'-phenylbenzothiozolato-N,C 2 )(acetylacetonate)Ir(III) (bt 2 Ir(acac)) and btp 2 Ir- 
(acac). As shown in Fig. 11.20(b), the devices had a maximum EQE of 2.2% 
and a peak PCE of 1.4 lm/W[53]. Device B and D emitted white light with CIE 
coordinates of (0.33, 0.41). The color rendering index (CRI) of these devices 
was 77 (the CRI of a white light source is a measure of the color shift that an 
object undergoes when illuminated by the light source as compared with the 
color of the same object when illuminated by a reference source of comparable 
color temperature. The values of CRI range from 0 to 100, with 100 representing 
no shift in color). 

The most efficient white device published to date uses Firpic and Btp 2 Ir(acac), 
doped into a PVK:OXD-7 matrix at concentrations of 11.8 wt. % and 0.2 wt. %, 
respectively [84]. At 100 cd/m 2 , these devices exhibited an external quantum effi- 
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Fig. 11.20 

(a) EL spectra of white 
emitting Flrpic:bt 2 lr- 
(acac):btp 2 lr(acac) 
PHOLEDs at a current 
density of J = 10 mA/ 
cm 2 (doping in wt% of 
device). 

A: 10:0.5:0.125; 
device B: 10:0.5:0.25; 
device C: 10:0.25:0.125; 
device D: 10:0.25:0.25) 
[53]. 

(b) Dependence of p exi 
and r ] p on the current 
density for the white- 
emitting PHOLEDs in 
Figure 11.20(a) [53], 


ciency of 4.9 %, a PCE of 2.6 lm/Wand a CIE color coordinate of (0.33, 0.36), close 
to the white-point at (0.33, 0.33). 


11.5 

Phosphorescent Devices with Other Host Polymers 

Up to now, PVK is the ideal host for green-emitting dyes. This is because its tri¬ 
plet energy is only slightly higher than that of the commonly used Ir(ppy) 3 . On 
the other hand, the rather deep HOMO position results in a large hole-injection 
barrier from ITO or ITO/PEDT:PSS. Also, because pure PVK exhibits a very small 
electron mobility, electron-transporting molecules such as PBD or OXD-7 have to 
be added to the PVK matrix to yield efficient devices with low driving voltages. 

Despite the large number of available polymer hosts, only few of them have 
been successfully applied in conjunction with green phosphorescent dyes. One 
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example is poly(2-(6-cyano-6-methyl)-heptyloxy-l,4-phenylene) (CNPPP) [40]. 
The HOMO-level of alkoxy-substituted PPPs is at ca. 5.7 eV [86], slightly higher 
than (or at least comparable with) that of PVK. Devices with a butyl-substituted 
Ir(ppy) 3 doped at 2% into CNPPP exhibited a quantum efficiency of 4% at a 
brightness of 100 cd/m 2 . Unfortunately, polyfluorenes are not suitable for hosting 
Ir(ppy) 3 , because of its small triplet energy (2.1-2.3 eV) [30, 31]. In fact, efficient 
triplet back transfer between (ppy) 2 Ir(acac) and a PF oligomer has been demon¬ 
strated by Sudhakar et al. [52] as described above. 

Recently, Brunner and coworkers [87] have presented a detailed study on carba- 
zole-based homo- and copolymers as hosts for green-emitting phosphorescent 
dyes. A carefully study has been performed on the choice of comonomers and 
the chemical linkage between the units influence the HOMO position and the tri¬ 
plet energy. In particular the authors demonstrated that the longest oligo(p-phe- 
nylene) (OPP) segment in the chain largely determines the energy of the triplet 
exciton, in agreement with earlier studies on carbazole compounds by the 
same group [88]. In the homopolymer (see Fig. 11.21 for the chemical structure, 
the longest OPP segment is a biphenyl and the T x state of the polymer is at 2.6 eV, 
slightly lower than that of molecular biphenyl (2.85 eV [88]). This polymer should, 
therefore constitute a suitable host for most green-emitting Ir complexes. Surpris¬ 
ingly, single-layer devices containing a layer of fac-tris[2-(2-pyridinyl-kN)(5-3,4- 
bis(2-methylpropyloxy)phenyl)phenyl)-kC]iridium(III) (Ir-SC4) at a concentration 
of 8 wt. % in the homopolymer (anode: ITO/PEDT:PSS, cathode: BaAl) exhibited 
a rather low efficiency of only 0.4 cd/A. This can be partially understood consider¬ 
ing the rather high HOMO level of this polymer at 5.25 eV, compared to 5.44 eV 
of the Ir-SC4 dye. In fact, including a TPBI hole-blocking layer considerably im¬ 
proved the device efficiency. On the other hand, the triplet energy of copolymers 
containing spirofluorene units was as low as 2.2 eV, due to the quarter-p-phenyl- 
segment. as indicated in Fig. 11.21. This resulted in low efficiencies due to 
quenching of the dye triplet state. The highest efficiencies were obtained for a co¬ 
polymer containing an oxadiazole unit in the side chain (right structure in Fig. 
11.21). This copolymer has a triplet energy of 2.56 eV and the HOMO at 5.45 
eV. Single-layer devices with a dye concentration of 8 wt. % exhibited a luminance 
efficiency of 23 cd/A, independent of the current density. Even though the dye 
does not constitute a deep hole trap in the copolymer, incorporation of a TPBI 
hole-blocking layer did not affect the efficiency considerably. Most likely, the 
dye forms an electron trap in the copolymer matrix. Unfortunately, no driving 
conditions or PCE values were provided. 

In contrast to green-emitting devices, choosing a host with a lower triplet state 
energy than that of PVK is rather meaningful for red-emitting dyes. In fact, 
PtOEP, PtOX and btp 2 Ir(acac) have been blended into various hosts such as poly- 
fluorene [32, 35, 37, 80] or ladder-type MeLPPP [41, 42]. Unfortunately, only a few 
papers discuss a direct comparison between different hosts in combination with a 
specific dye (see, e. g., [35,54,80]). In general one expects that lowering the band- 
gap will also reduce the barriers for charge injection and, thus, the driving vol¬ 
tage. For example, Cao and coworkers [54] compared the performance of ITO/ 
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Fig. 11.21 Chemical structures of 
carbazole homo- and copolymers 
studied by van Dijken et al. 
(reproduced from [87]). 
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Fig. 11 .22 Current-brightness-voltage 
characteristics of single-layer devices with 
different doping concentrations of PtOEP 
in MeLPPP. Solid and open symbols depict 
brightness-voltage and current-voltage 
curves, respectively [42]. 
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PEDT:PSS/emission-layer/Ba/Al devices with the red dye pic 2 Ir(acac) blended 
into either a PVK:PBD(40 wt. %), a PFO:PBD (30 wt. %) or a PFTAiPBD 
(30 wt. %) host (where PFTA is a hyperbranched polyfluorene with a triphenyl- 
amine core). Even though the maximum efficiencies of all devices were quite com¬ 
parable (10%), the voltage to drive the PFTA:PBD device at ca. 1300 cd/m 2 was 
only 10.1 V, compared to 13.9 V for the PVK:PBD device. 

Similarly to this, a single-layer device containing PtOEP in MeLPPP showed a 
brightness of 70 cd/m at 8.5 V, irrespective of the dye concentration (see Fig. 
11.22) [42], while a similar device with PtOEP in PFO required more than 20 V 
to achieve the same brightness, with a strong dependence on dye concentration 
[37]. These results demonstrate that choosing the appropriate matrix for red 
dyes can be very beneficial with respect to the driving conditions. However, one 
disadvantage of using a host with the HOMO level close to that of the dye is 
that charges can be rapidly detrapped. In fact, the efficiency of a single-layer 
MeLPPP:PtOEP device was very poor (below 0.1 cd/A). The efficiency improved 
considerably when adding a PMMA:Alq 3 electron-transporting layer and a PVK 
layer doped with hole-transporting molecules (HTMs). Apparently, the function 
of the PMMA:Alq 3 layer was to prevent holes exiting the devices through the cath¬ 
ode. Interestingly, the color and efficiency of the device depended strongly on the 
HOMO of the HTM blended into PVK. Figure 11.23 compares the EL spectra of 


Fig. 11.23 Comparison of the EL 
spectra of devices consisting of a 
MeLPPP:PtOEP emission layer and 
with (solid line) or without (open 
symbols) a PVK:ST1163 hole-inject¬ 
ing layer. The inset shows the rela¬ 
tive positions of the HOMO levels 
of the doped hole injection layer 
and the MeLPPP:PtOEP emission 
layer [42]. 
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devices with and without a PVK:ST1163 layer (ST1163 is RN’-diphenyl-hfN’-bis- 
(4’-(N,N-bis (naphth-2-yl)-amino)-biphenyl-4-yl)-benzidine) at the same driving 
current. Most notable, the color purity is excellent for the device utilizing a 
PVK:ST1163 hole-transporting layer, while devices without a doped PVK layer ex¬ 
hibited significant host emission. In order to reveal the role of the hole-transport¬ 
ing dopant in PVK, we tested two other hole-transporting molecules with differ¬ 
ent ionization potentials. Only the devices utilizing ST1163 and ST755 (ionization 
potential 5.1 eV) emitted pure red light, without measurable MeLPPP emission, 
while a device with TPD (having a higher ionization potential of 5.4-5.5 eV) ex¬ 
hibited significant LPPP emission. This observation can be explained by the direct 
injection of holes from the HOMO of the hole-transporting molecule (either 
ST1163 or ST755) to the HOMO level of PtOEP, provided that transfer of holes 
from the HTM-HOMO to MeLPPP is slowed down by a considerable injection 
barrier. 

Finally, white-emitting fluorescent/phosphorescent diodes using a polyfluorene 
host have been reported by Gong et al. Details about the composition and the per¬ 
formance of these devices are contained in Chapter 4. 


11.6 

Fully Functionalized Polymers 

Finally, we would like to discuss some few examples for fully functionalized poly¬ 
mers. Chen et al. [89] presented a polyfluorene grafted with carbazole units and 
Btp 2 Ir(acac) dyes. For a copolymer with a dye concentration of 1.3 mol% (in the 
feed), the EL emission was purely red. Time-of-flight measurements indicated 
that the dye constitutes a hole trap. Also, the comparison of PL and EL spectra 
suggested that direct trapping of charges on the dye is the main excitation 
mechanism. Devices prepared with this copolymer exhibited good efficiencies 
(2.8 cd/A corresponding to 1.6%) and high brightness at reasonable driving con¬ 
ditions (4321 cd/m 2 @ 15 V). 

Tolcito et al. [85] studied a series of copolymers based on a nonconjugated back¬ 
bone, having carbazole and emissive Ir-complexes in the side chain. Even though 
the chemical structures of these polymers are quite simple, rather high quantum 
efficiencies (3 %, 9 % and 5 % for blue, green and red emission, respectively) were 
reported in a single-layer device structure. 

Finally, Holmes and coworkers [90] reported a series of solution-processible 
polymers with iridium units covalently attached to oligofluorene segments (see 
Fig. 11.24 for the chemical structure). Most interestingly, even the polymers 
with an ppy 2 Ir(acac) emissive unit emitted almost pure green light. In contrast 
a blend of ppy 2 Ir(acac) in PFO with the same molar percentage showed signifi¬ 
cant emission from the host. It was concluded that the polymeric complex exhi¬ 
bits a mixed triplet state. This interpretation is supported by a considerable red- 
shift of the phosphorescence of the polymeric complexes when compared to 
the isolated chromophore. Unfortunately, the efficiency of devices made with 




18, n= 5; 19, n = 10; 20, n = 20; 21, n = 40 14, n = 10; 15, n = 30 

Fig. 11.24 Chemical structure of solution-processible polymers with iridium units covalently 
attached to oligofluorene segments [90]. 


these polymers was very low. As expected, higher efficiencies were obtained with 
polymers containing the red-emitting btp 2 Ir(acac) dye, since exciton back transfer 
to the oligofluorene segments would be endothermic. In fact, devices with quan¬ 
tum efficiencies of up to 1.5% could be realized. 


11.7 

Conclusion and Outlook 

The results summarized above demonstrate that efficient electrophosphorescent 
diodes can be made using polymer hosts. In fact, the external quantum efficien¬ 
cies and power conversion efficiencies of blue-, green- and red-emitting devices 
have increased considerably over the last 3 years (see Fig. 11.25). Moreover, 
many critical points relevant to the performance of polymer-based electropho¬ 
sphorescent devices have now been identified, including insufficient trapping 
of excitons and charges on the dyes, injection barriers and concentration quench¬ 
ing. 

Nevertheless, further efforts need to be made to increase the external quantum 
efficiency of these devices towards the quantum limit (which should be ca. 20 % 
for a phosphor with a phosphorescence efficiency of unity). In the case of the 
green-emitting Ir(ppy) 3 complex, small molecule multilayer devices indeed 
show quantum efficiencies close to this limit. Since polymer-based devices with 
Ir(ppy) 3 (or Ir(mppy) 3 or (ppy) 2 Ir(acac)) doped at an optimum concentration 
into a wide-bandgap polymer exhibit pure dye emission, all charge-carrier recom¬ 
bination events apparently lead to the excitation of the dye molecules. Thus, the 
lower EQE of polymer-based electrophosphorescent devices must be mainly re¬ 
lated to the imbalanced injection and transport of charges. In small molecule 
multilayer stacks, balanced injection is achieved by using electron-transporting 
and hole-transporting layers with appropriate energy levels, including the usage 
of doped layers [75]. Also, optimizing the HOMO and LUMO energy offset be¬ 
tween adjacent layers insures that charges recombine almost exclusively in the 
emission layer. One major task in the future must, therefore, be to insure efficient 
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Fig. 11.25 Summary of best values of the ex¬ 
ternal quantum efficiency and power conversion 
efficiency, reported for polymer-based electro- 
phosphorescent devices over the past 3 years. 


recombination of charges on the phosphor in the polymer matrix, e. g. by using 
direct injection of charges into the HOMO or LUMO of the phosphor. 


Acknowledgement 

We would like to thank Prof. H. Yersin (University of Regensburg, Germany) for 
having a critical look through the manuscript. Part of our work presented in this 
Chapter was supported by the Bundesministerium fur Bildung und Forschung 
(BMBF) through grant 13N8213. 


References 

1 J. H. Burroughes, D. D. C. Bradley, A. R. 
Brown, R. N. Marks, K. Maclcay, R. H. 
Friend, P. L. Burns, A. B. Holmes, Nature 
1990, 347, 539-541. 

2 G. Gustafsson, Y. Cao, G. M. Treacy, 

F. Klavetter, N. Colaneri, A. J. Heeger, 
Nature 1992, 357, 477-479. 

3 N. C. Greenham, R. H. Friend, D. D. C. 
Bradley, Adv. Mater. 1994, 6, 491-494. 


4 A. R. Brown, K. Pichler, N. C. Greenham, 
D. D. C. Bradley, R. H. Friend, A. B. 
Holmes, Chem. Phys. Lett. 1993, 210, 
61-66. 

5 Y. V. Romanovslcii, A. Gerhard, B. 
Schweitzer, U. Scherf, R. I. Personov, 

H. Bassler, Phys. Rev. Lett. 2000, 84, 1027- 
1030. 
















References 


365 


6 S. Sinha, C. Rothe, R. Giintner, U. Scherf, 

A. P. Monlcman, Phys. Rev. Lett. 2003, 90, 
art. no.-127402. 

7 J. M. Lupton, A. Pogantsch, T. Piolc, 
E.J.W. List, S. Patil, U. Scherf, Phys. Rev. 
Lett. 2002, 89, art. no.-167401. 

8 A. Kohler, J. S. Wilson, R. H. Friend, 

M. K. Al-Suti, M. S. Khan, A. Gerhard, 

H. Bassler, J. Chem. Phys. 2002, 116, 
9457-9463. 

9 Y. Cao, I. D. Parker, G. Yu, C. Zhang, 

A. J. Heeger, Nature 1999, 397, 414-417. 

10 M. Wohlgenannt, K. Tandon, S. Mazum- 
dar, S. Ramasesha, Z. V. Vardeny, Nature 

2001, 411, 617-617. 

11 J. S. Wilson, A. S. Dhoot, A. Seeley, 

M. S. Khan, A. Kohler, R. H. Friend, 
Nature 2001, 413, 828-831. 

12 A. S. Dhoot, N. C. Greenham, Adv. Mater. 

2002, 14, 1834-1837. 

13 P. Herguch, X. Z. Jiang, M. S. Liu, 

A. K. Y. Jen, Macromolecules 2002, 35, 
6094-6100. 

14 Q. F. Xu, J. Y. Ouyang, Y. Yang, T. Ito, 

J. Kido, Appl. Phys. Lett. 2003, 83, 
4695-4697. 

15 M. A. Baldo, D. F. O'Brien, Y. You, 

A. Shoustikov, S. Sibley, M. E. Thompson, 

S. R. Forrest, Nature 1998, 395, 151-154. 

16 R. J. Holmes, B. W. D'Andrade, S. R. 
Forrest, X. Ren, J. Li, M. E. Thompson, 
Appl. Phys. Lett. 2003, 83, 3818-3820. 

17 M. Ilcai, S. Tokito, Y. Sakamoto, T. Suzuki, 
Y. Taga, Appl. Phys. Lett. 2001, 79, 
156-158. 

18 C. Adachi, M. A. Baldo, M. E. Thompson, 

S. R. Forrest, J. Appl. Phys. 2001, 90, 
5048-5051. 

19 A. Tsuboyama, H. Iwawalci, M. Furugori, 

T. Mukaide, J. Kamatani, S. Igawa, 

T. Moriyama, S. Miura, T. Talciguchi, 

S. Okada, M. Hoshino, K. Ueno, J. Am. 
Chem. Soc. 2003, 125, 12971-12979. 

20 C.-H. Yang, C.-C. Tai, I.-W. Sun, J. Mater. 
Chem. 2004, 14, 947-950. 

21 J. Kido, K. Nagai, Y. Ohashi, Chem. Lett. 
1990, 657-660. 

22 R. C. Kwong, S. Sibley, T. Dubovoy, 

M. Baldo, S. R. Forrest, M. E. Thompson, 
Chem. Mater. 1999, 11, 3709-3713. 

23 M. A. Baldo, D. F. O'Brien, 

M. E. Thompson, S. R. Forrest, Phys. Rev. 
B 1999, 60, 14422-14428. 


24 S. Lamansky, P. Djurovich, D. Murphy, 

F. Abdel-Razzaq, H. E. Lee, C. Adachi, 

P. E. Burrows, S.R. Forrest, 

M. E. Thompson, J. Am. Chem. Soc. 2001, 
123, 4304-4312. 

25 C. Adachi, R. C. Kwong, P. Djurovich, 

V. Adamovich, M. A. Baldo, M. E. 
Thompson, S. R. Forrest, Appl. Phys. Lett. 
2001, 79, 2082-2084. 

26 W. P. Finlcenzeller, P. StoRel, H. Yersin, 
Chem. Phys. Lett. 2004, 397, 289-295. 

27 D. Kolosov, V. Adamovich, P. Djurovich, 

M. E. Thompson, C. Adachi, J. Am. Chem. 
Soc. 2002, 124, 9945-9954. 

28 V. I. Adamovich, S. R. Cordero, P. I. 
Djurovich, A. Tamayo, M. E. Thompson, 

B. W. D'Andrade, S. R. Forrest, Org. 
Electron. 2003, 4, 77-87. 

29 Y. Wang, N. Herron, V. V. Grushin, 

D. LeCloux, V. Petrov, Appl. Phys. Lett. 
2001, 79, 449-451. 

30 A. P. Monlcman, H. D. Burrows, 

L. J. Hartwell, L. E. Horsburgh, I. Ham- 
blett, S. Navaratnam, Phys. Rev. Lett. 2001, 
86, 1358-1361. 

31 D. Hertel, S. Setayesh, H. G. Nothofer, 

U. Scherf, K. Mullen, H. Bassler, Adv. 
Mater. 2001, 13, 65-70. 

32 V. Cleave, G. Yahioglu, P. Le Barny, 

R. H. Friend, N. Tessler, Adv. Mater. 1999, 
11, 285-288. 

33 M. J. Yang, T. Tsutsui, Jpn. J. Appl. Phys. 
Part 2 - Lett. 2000, 39, L828-L829. 

34 S. Lamansky, R. C. Kwong, M. Nugent, 

P. I. Djurovich, M. E. Thompson, Org. 
Electron. 2001, 2, 53-62. 

35 V. Cleave, G. Yahioglu, P. Le Barny, 

D. H. Hwang, A. B. Holmes, R. H. Friend, 

N. Tessler, Adv. Mater. 2001, 13, 44-47. 

36 D. F. O'Brien, C. Giebeler, R. B. Fletcher, 
A. J. Cadby, L. C. Palilis, D. G. Lidzey, P. 
A. Lane, D. D. C. Bradley, W. Blau, Synth. 
Met. 2001, 116, 379-383. 

37 P. A. Lane, L. C. Palilis, D. F. O'Brien, 

C. Giebeler, A. J. Cadby, D. G. Lidzey, 

A. J. Campbell, W. Blau, D. D. C. Bradley, 
Phys. Rev. B 2001, 63, 235206. 

38 T.-F. Guo, S.-C. Chang, Y. Yang, R. C. 
Kwong, M. E. Thompson, Org. Electron. 
2000, 1, 15-20. 

39 L. H. Campbell, D. L. Smith, S. Tretiak, 
R. L. Martin, C. J. Neef, J. R. Ferraris, 
Phys. Rev. B 2002, 65, 085210. 



366 


7 7 Polymer Electrophosphorescence Devices 


40 W. G. Zhu, Y. Q. Mo, M. Yuan, W. Yang, 
Y. Cao, Appl. Phys. Lett. 2002, 80, 
2045-2047. 

41 R. W. T. Higgins, A. P. Monkman, 

H. G. Nothofer, U. Scherf, J. Appl. Phys. 

2002, 91, 99-105. 

42 X. H. Yang, D. Neher, U. Scherf, 

S. A. Bagnich, H. Bassler, J. Appl. Phys. 

2003, 93, 4413 -4419. 

43 A. W. Grice, D. D. C. Bradley, M. T. Ber- 
nius, M. Inbasekaran, W. W. Wu, E. P. 
Woo, Appl. Phys. Lett. 1998, 73, 629-631. 

44 D. Sainova, T. Miteva, H. G. Nothofer, 

U. Scherf, I. Glowacki, J. Ulanski, H. 
Fujikawa, D. Neher, Appl. Phys. Lett. 2000, 
76, 1810-1812. 

45 D. Neher, Macromol. Rapid Commun. 

2001, 22, 1366-1385. 

46 U. Scherf, E. J. W. List, Adv. Mater. 2002, 
14, 477-487. 

47 Y. Y. Noh, C. L. Lee, J. J. Kim, K. Yase, 

J. Chem. Phys. 2003, 118, 2853-2864. 

48 R. A. Negres, X. Gong, J. C. Ostrowski, 
G. C. Bazan, D. Moses, A. J. Heeger, Phys. 
Rev. B 2003, 68, 115209. 

49 S. A. Bagnich, H. Bassler, D. Neher, 

J. Chem. Phys. 2004, 

50 C. Rothe, L. O. Palsson, A. P. Monkman, 
Chem. Phys. 2002, 285, 95-101. 

51 A. A. Lamola, G. S. Hammond, J. Chem. 
Phys. 1965, 43, 2129. 

52 M. Sudhalcar, P. I. Djurovich, T. E. 
Hogen-Esch, M. E. Thompson, J. Am. 
Chem. Soc. 2003, 125, 7796 -7797. 

53 Y. Kawamura, S. Yanagida, S. R. Forrest, 
J. Appl. Phys. 2002, 92, 87-93. 

54 C. Y. Jiang, W. Yang, J. B. Peng, S. Xiao, 
Y. Cao, Adv. Mater. 2004, 16, 537-541. 

55 C. L. Lee, K. B. Lee, J. J. Kim, Appl. Phys. 
Lett. 2000, 77, 2280-2282. 

56 W. D. Gill, K. K. Kanazawa, J. Appl. Phys. 
1972, 43, 529. 

57 S. Lamansky, P. I. Djurovich, F. Abdel- 
Razzaq, S. Garon, D. L. Murphy, 

M. E. Thompson, J. Appl. Phys. 2002, 92, 
1570-1575. 

58 K. M. Vaeth, C. W. Tang, J. Appl. Phys. 

2002, 92, 3447-3453. 

59 X. Gong, M. R. Robinson, J. C. Ostrowski, 
D. Moses, G. C. Bazan, A. J. Heeger, Adv. 
Mater. 2002, 14, 581-585. 


60 X. Gong, J. C. Ostrowski, D. Moses, 

G. C. Bazan, A. J. Heeger, Adv. Fund. 
Mater. 2003, 13, 439-444. 

61 X. H. Yang, D. Neher, D. Hertel, T. K. 
Daubler, Adv. Mater. 2004, 16, 161-166. 

62 T. Q. Nguyen, R. C. Kwong, 

M. E. Thompson, B. J. Schwartz, Appl. 
Phys. Lett. 2000, 76, 2454-2456. 

63 H. Hansel, D. C. Muller, M. Gross, 

K. Meerholz, G. Krausch, Macromolecules 

2003, 36, 4932-4936. 

64 T. M. Brown, R. H. Friend, I. S. Millard, 
D. J. Lacey, J. H. Burroughes, F. Cacialli, 
Appl. Phys. Lett. 2001, 79, 174-176. 

65 G. E. P. Box, W. G. Hunter, J. S. Hunter: 
Statistics for Experimenters, John Wiley, 
New York, 1978. 

66 G. E. Jabbour, J. F. Wang, B. Kippelen, 

N. Peyghambarian, Jpn. J. Appl. Phys. Part 
2 - Lett. 1999, 38, L1553-L1555. 

67 X. H. Yang, Y. Q. Mo, W. Yang, G. Yu, 

Y. Cao, Appl. Phys. Lett. 2001, 79, 563-565. 

68 K. M. Vaeth, J. Dicillo, J. Polym. Sci. Part 
B - Polym. Phys. 2003, 41, 2715-2725. 

69 X. H. Yang, D. Neher, Appl. Phys. Lett. 

2004, 84, 2476-2478. 

70 J. Kalinowslci, W. Stampor, J. Mezylc, 

M. Cocchi, D. Virgili, V. Fattori, P. Di 
Marco, Phys. Rev. B 2002, 66, 235321. 

71 D. M. Pai, J. F. Yanus, M. Stollca, J. Phys. 
Chem. 1984, 88, 4714-4717. 

72 X. Jiang, R. A. Register, K. A. Killeen, 

M. E. Thompson, F. Pschenitzlca, 

T. R. Hebner, J. C. Sturm, J. Appl. Phys. 
2002, 91, 6717-6724. 

73 M. A. Baldo, S. Lamansky, P. E. Burrows, 
M.E. Thompson, S. R. Forrest, Appl. Phys. 
Lett. 1999, 75, 4-6. 

74 T. Tsutsui, M. J. Yang, M. Yahiro, K. Na¬ 
kamura, T. Watanabe, T. Tsuji, Y. Fulcuda, 
T. Walcimoto, S. Miyaguchi, Jpn. J. Appl. 
Phys. Part 2 - Lett. 1999, 38, L1502-L1504. 

75 M. Pfeiffer, S. R. Forrest, K. Leo, 

M.E. Thompson, Adv. Mater. 2002, 14, 
1633-1636. 

76 M. D. McGehee, T. Bergstedt, C. Zhang, 
A. P. Saab, M. B. O'Regan, G. C. Bazan, 
V. I. Srdanov, A. J. Heeger, Adv. Mater. 
1999, 11, 1349-1354. 

77 J. B. Peng, N. Talcada, N. Minami, Thin 
Solid Films 2002, 405, 224-227. 




References 


367 


78 M. R. Robinson, J. C. Ostrowski, 

G. C. Bazan, M. D. McGehee, Adv. Mater. 

2003, 15, 1547-1551. 

79 H. Xia, C. B. Zhang, S. Qiu, P. Lu, 

J.Y. Zhang, Y. G. Ma, Appl. Phys. Lett. 

2004, 84, 290-292. 

80 F. C. Chen, Y. Yang, M. E. Thompson, 

J. Kido, Appl. Phys. Lett. 2002, 80, 
2308-2310. 

81 X. Gong, J. C. Ostrowski, G. C. Bazan, 

D. Moses, A. J. Heeger, Appl. Phys. Lett. 
2002, 81, 3711-3713. 

82 A. Nakamura, T. Tada, M. Mizukami, 

S. Yagyu, Appl. Phys. Lett. 2004, 84, 
130-132. 

83 Y. J. Su, H. L. Huang, C. L. Li, C. H. Chien, 
Y. T. Tao, P. T. Chou, S. Datta, R. S. Liu, 
Adv. Mater. 2003, 15, 884-888. 

84 I. Tanaka, M. Suzuki, S. Tolcito, Jpn. J. 
Appl. Phys. Part 1 - Reg. Pap. Short Notes 
Rev. Pap. 2003, 42, 2737-2740. 


85 S. Tolcito, M. Suzuki, F. Sato, M. Kama- 
chi, K. Shirane, Org. Electron. 2003, 4, 
105-111. 

86 Y. Yang, Q. Pei, A. J. Heeger, J. Appl. 
Phys. 1996, 79, 934-939. 

87 A. van Dijlcen, }. Bastiaansen, N. M. M. 
Kiggen, B. M. W. Langeveld, C. Rothe, 

A. Monkman, I. Bach, P. Stossel, 

K. Brunner, J. Am. Chem. Soc. 2004, 126, 
7718-7727. 

88 K. Brunner, A. van Dijlcen, H. Borner, 

J. Bastiaansen, N. M. M. Kiggen, B. M. W. 
Langeveld, J. Am. Chem. Soc. 2004, 126, 
6035-6042. 

89 X. W. Chen, J. L. Liao, Y. M. Liang, M. O. 
Ahmed, H. E. Tseng, S. A. Chen, J. Am. 
Chem. Soc. 2003, 125, 636-637. 

90 A. J. Sandee, C. K. Williams, N. R. Evans, 
J. E. Davies, C. E. Boothby, A. Kohler, 

R. H. Friend, A. B. Holmes, J. Am. Chem. 
Soc. 2004, 126, 7041-7048. 



369 


12 

Low-threshold Organic Semiconductor Lasers 

Daniel Schneider, Uli Lemmer, Wolfgang Kowalsky, Thomas Riedl 


12.1 

Introduction 


Almost 40 years ago the first organic lasers based on dye molecules in liquid so¬ 
lutions were demonstrated [1, 2]. Due to their broad gain spectra and wide tuning 
ranges throughout the visible and the adjacent ultraviolet and infrared parts of the 
spectrum they have been used in various applications (e.g. medicine, LIDAR, 
physics and chemistry). The inherent drawbacks of this technology are the use 
of predominantly toxic and flammable solvents together with an elaborate infra¬ 
structure (e.g. dye circulators) requiring regular maintenance. Thus, dye-doped 
solid-state matrices [3-5] and organic crystals [6] have been pursued as alternative 
gain materials with similar benefits. 

In the 1980’s the demonstration of efficient electroluminescence in organic 
thin-film heterostructures by Tang et al. [7-9] paved the way for a new era of or¬ 
ganic (opto-)electronics. The remarkable progress in this field led to a variety of 
products that are already commercially available. Among them, flat-panel displays 
based on organic light-emitting diodes (OLEDs) are probably the most prominent 
representatives. These achievements seeded the prospect for future organic injec¬ 
tion lasers that are expected to bring about several advantages compared to their 
established inorganic analogs. Wide tunabilty and low-cost fabrication are among 
their major strengths and render them very attractive, even for disposable devices. 
Therefore, it is of particular interest to study organic gain media that, in contrast 
to dye-doped solid-state matrices mentioned above, offer charge-transporting cap- 
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abilities. Optically pumped lasers based on thin films of conjugated polymers [10, 
11] and small organic molecules [12, 13] were demonstrated in the second half of 
the 1990’s. However, up to now no electrically driven organic semiconductor laser 
has been shown. One of the main obstacles thereby is connected to the prospec¬ 
tive current densities, several orders of magnitude higher than in OLEDs, and the 
subsequently high carrier densities in the active medium leading to various opti¬ 
cal-quenching processes [14]. Thus, key prerequisites for organic injection lasers 
are highly efficient amplifying materials that in connection with low-loss wave¬ 
guides and resonator geometries allow for low-threshold operation. 

The aim of this chapter is to shed light on recent achievements towards low- 
threshold organic semiconductor lasers without the claim to give an in-depth 
review of this exciting field of research in its completeness. For additional reading 
we refer the reader to the publications of Dodabalapur and Forrest regarding 
small-molecule organic lasers [15, 16] and the reviews of Lemmer, Tessler, Kran- 
zelbinder, Frolov, McGehee, and Scherf regarding lasing in conjugated polymers 
[17-22]. 

In Section 12.2 we will introduce several organic materials that have recently 
received attention as candidates for organic semiconductor lasers. Furthermore, 
we discuss technological aspects like film formation and promising resonator geo¬ 
metries for these lasers. Section 12.3 will highlight some recent results in the 
field aimed at low-threshold operation. In Section 12.4, we will compare proper¬ 
ties and threshold values of different organic materials. Prospects for electrical op¬ 
eration of organic semiconductor lasers will be discussed in Section 12.5. 


12.2 

Fundamentals of Organic Semiconductor Lasers 

12.2.1 

Stimulated Emission in Organic Materials 

When using solid-state films based on conventional laser dyes significant lumi¬ 
nescence quenching resulting from a strong interaction of molecules normally 
prevents efficient stimulated emission processes [20, 21]. Therefore, organic 
solid-state lasers are often based on guest-host systems [23-25]. Here, the self¬ 
absorption of the matrix is efficiently circumvented by shifting the emission of 
the guest to a wavelength region where the host material is transparent, leading 
to very low laser thresholds. 

In Fig. 12.1, the chemical structures of suitable low molecular weight materials 
for organic semiconductor lasers are shown. A very prominent system for solid- 
state organic lasers is the guest-host (G-H) system comprising the host material 
Tris-(8-hydroxyquinoline)aluminum (Alq 3 ) and the guest molecules 4-(Dicyano- 
methylen)-2-methyl-6-(p-dimethylamino styryl)-4H-pyran (DCM) and 4-(Dicya- 
nomethylene)-2-methyl-6-(julolidin-4-yfvinyl)-4H-pyran (DCM2). Alq 3 has been 
used as a green emitter and electron-transport layer in organic devices for two- 
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Fig. 12.1 Various low 
molecular weight 
materials for use in 
organic lasers. 



decades now [9, 26, 27]. DCM and DCM2 are well-known laser dyes for liquid-dye 
applications in the red spectral region [28, 29]. The G-H systems Alq 3 :DCM and 
Alq 3 :DCM2 are among the first low molecular weight material systems, in which 
stimulated emission in thin films was found [23, 30]. Lasing has been demon¬ 
strated in a variety of resonator designs including Fabry-Perot resonators, distrib¬ 
uted Bragg reflection (DBR) and distributed feedback (DFB) structures [12,31-34]. 
The wavelength of the photoluminescence maxima in DCM- and DCM2-doped 
systems can be tuned over a wide range by varying the doping concentration of 
the guest molecules. This is caused by the solid-state solvation effect (SSSE). 
By changing the concentration of guest molecules with a high polarity in a 
host material with a lower polarity, the polarity of the matrix can be varied, result¬ 
ing in a wavelength shift of the emission. It has been shown that the photolumi¬ 
nescence maximum of Alq 3 :DCM2 thin films can be varied from 605 nm (0.5% 
DCM2) to 650 nm (10% DCM2) [35]. This effect was also reported for other host 
materials including ATN-di( 1 -naphthyl)-N, AT-diphenyl-1, V -diphenyl- 4,4’-diamine 
(NPD). Like NPD 4,4’-Af AT-dicarbazole-biphenyl (CBP) can also be used as host 
for DCM derivates. CBP and NPD are normally used as hole-transport materials 
in OLEDs [36, 37]. NPD can also be used as a blue-emitting material [38] or as 
host material in the G-H system NPD:DCM2 resulting in white-emitting 
OLEDs [39]. 
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Besides the guest-host systems, there are a number of low molecular weight 
materials where stimulated emission and lasing have been reported for neat 
films. They include stilbenes [40, 41], oligothiophenes [42-44], and oligopheny- 
lenes [45, 46]. Oligophenylenes are normally used as laser dyes in conventional 
liquid or vapor dye lasers [47-49]. Recently, stimulated emission and lasing 
could be observed in epitaxially grown nanofibers of p-sexiphenyl [45, 46]. 
When trying to deposit amorphous layers, p-sexiphenyl tends to form polycrystal¬ 
line films with small domains, which induce optical losses at the grain bound¬ 
aries that effectively prevent stimulated emission [50, 51]. 

One concept to enhance film quality and to hamper crystallization is the spiro- 
linkage of a chromophore to other molecular groups. These materials have been 
proven to be very stable materials for charge-transport and emitting layers in 
OLEDs [52, 53]. The spiro-linkage of two molecular groups by an additional car¬ 
bon atom leads to a rigid structure and efficiently prevents crystallization. It 
has been demonstrated that the glass transition temperature Tq can be signifi¬ 
cantly increased utilizing this concept [54, 55]. Due to their improved morpholo¬ 
gical stability spiro-linked compounds are also known as promising active mate¬ 
rials for organic solid-state lasers. Amplified spontaneous emission (ASE) or las¬ 
ing has been observed in a variety of spiro-linked materials, including Spiro-quar- 
terphenyl (Spiro-40) and Spiro-sexiphenyl (Spiro-60) [56, 57]. The emission 
wavelength of spiro-linked oligophenylenes and their derivatives depends on 
the length of the phenyl chain and reaches from the UV region for Spiro-40 
and 2,2 , ,7,7 , -Tetrakis(4-fluorphenyl)-spiro-9,9 , -bifluorene (Spiro-40F) to the blue 
region for sexiphenyl based compounds like Spiro-60 and 2,7-bis (biphenyl-4- 
yl)-2 , ,7 , -di-tcrt-butyl-9,9 , -spirobifluorene (Spiro-60T) [58, 59]. Another spiro- 
linked material that exhibits low-threshold lasing is 2,2’,7,7 , -tetrakis(2,2-diphenyl- 
vinyl) spiro-9,9’-bifluorene (Spiro-DPVBi) [25]. This material is based on the spiro- 
linkage of two DPVBi molecules, which belong to the group of highly emissive 
stilbenes. Aside from its emission in the green spectral region, Spiro-DPVBi 
also exhibits moderate electron and hole mobilities [60]. Furthermore, the stilbene 
compound l,4-Bis[2-[4-[N,N-di(p-tolyl)amino]phenyl]vinyl]benzene (DPAVB) has 
been proven to be a low-threshold active laser material [41, 61]. 

Aside from the spiro-linkage one could also think of other sterical groups that 
prevent crystallization of the dye molecules. In the TBS (3,5,3’””,5”” , -Tetra-ter£- 
butyl-p-sexiphenyl) molecule, text -butyl groups are used at the benzene chain 
ends to hamper the mobility of the molecules in the film. Being a well-known 
laser dye for liquid-dye lasers [62] the molecule can also be used to form amor¬ 
phous thin-films for laser applications [51]. 

The second group of organic materials that have enormous potential for laser 
applications are conjugated polymers. Similar to low molecular weight materials 
the electrical and optical properties are determined by the delocalized ji-electron 
system along the polymer chain. Polymers that are suited for an application in 
solid-state thin-film organic lasers include derivatives of poly(p-phenylene viny- 
lene) (PPV), poly(p-phenylene) (PPP) and polyfluorene (PF). They possess high 
luminescence efficiencies combined with a high chromophore density. 
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PFO MeLPPP MEH-PPV 

Fig. 12.2 Conjugated polymers for use in organic lasers. 


Unsubstituted conjugated materials are known for their poor solubility, a prop¬ 
erty that is a considerable hindrance to the fabrication of thin-film solid-state 
lasers. A well-established strategy to increase solubility and therefore also proces¬ 
sability is the introduction of solubilizing groups (alkyl-, alkoxy- or aryl substitu¬ 
ents). One of the conjugated polymers with high optical gain is the methyl- 
substituted conjugated ladder-type poly(para-phenylene) (MeLPPP) [63]. The 
chemical structure is shown in Fig. 12.2. This polymer offers a large material 
gain beyond 2000 cm -1 , excellent film-forming properties and high charge-carrier 
mobility together with low charge-trap densities [64-66]. Previous studies have 
shown that this polymer allows solid-state surface-emitting lasers based on sec¬ 
ond-order distributed feedback (DFB) structures to be built in linear and circular 
geometry as well as in two-dimensional DFB structures [67-71]. 

In the PPV system there is a large variety of substituted polymers suitable 
for use in organic lasers. Among the PPV derivatives with low laser thresholds, 
there is Poly(2-methoxy-5-(2 , -ethylhexyloxy)-l,4-phenylenevinylene) (MEH-PPV). 
Asymmetric alkoxy side groups improve the solubility resulting in good morpho¬ 
logical film properties [72]. The good optical properties make this polymer inter¬ 
esting for OLEDs [73] and also for laser applications. After demonstration of sti¬ 
mulated emission in solution [74] and solid-state matrices [11, 75, 76], ASE could 
be demonstrated also in neat films of MEH-PPV [77, 78]. Lasing using thin films 
of MEH-PPV has been shown for various resonator geometries [79-81]. 

The most widely used laser material from the PF system is poly(9,9-dioctyfluor- 
ene) (PFO). It exhibits superior blue photoluminescence and electroluminescence 
properties [82] and has excellent charge-transport properties [83]. The polymer 
shows strong, low-threshold stimulated emission in the blue spectral region 
and exhibits large net optical gain along with low losses in slab waveguide geome¬ 
tries [83-85]. 









374 


72 Low-threshold Organic Semiconductor Lasers 


12 . 2.2 

Resonators for Organic Lasers 

Aside from the active material a feedback mechanism is essential to complete a 
laser structure. In a simple case, a Fabry-Perot resonator may be utilized for 
this purpose by placing the organic material between two parallel mirrors. 
Here, standing electromagnetic waves are formed with wavelengths determined 
by the cavity length L and the effective refractive index n e ff of the waveguide, 

mX/2n e ff = L (12.1) 

with m being the order of the lasing mode. In this geometry, organic lasing has 
been demonstrated using G-H systems of low molecular weight materials [12, 24, 
86]. Due to the easy handling and processing of the organic materials various re¬ 
sonator designs can be realized for lasing experiments. In Fig. 12.3, some of the 
already demonstrated resonator options for organic materials are shown. The first 
experiments were performed using microcavity lasers [10]. Here, the organic ma¬ 
terial is located between two planar metallic or dielectric mirrors with a spacing in 
the range of the lasing wavelength. The vertical design is similar to a conventional 
OLED. However, due to the limited gain length and rather lossy metal mirrors, 
these structures exhibit high threshold values [87]. The threshold values can be 
reduced by using dielectric mirrors on both sides of the microcavity [88-91]. 
The first experiments regarding tunable organic lasers incorporated an external 
cavity resonator in the Littrow configuration. Here, an optical grating is used 
on one side of the resonator that allows for the tuning of the laser wavelength 
[92, 93]. Other resonator geometries comprise microrings, microdiscs and micro¬ 
droplets [94-99]. Organic laser structures exhibiting very low laser threshold va- 


Bragg 
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Fig. 12.3 Various resonator geometries for organic lasers. 
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lues have been demonstrated using resonators based on the distributed feedback 
principle [25, 58, 84, 85, 100-103]. Aside from distributed Bragg reflector (DBR) 
lasers and distributed feedback (DFB) lasers also two-dimensional (2D) structures 
belong to this class of resonators [68, 104-107]. 

Among the resonators described above, the concept of DFB is particularly 
promising as it allows for low laser thresholds and the possibility to easily tune 
the laser wavelength. For distributed feedback, a periodic modulation of the re¬ 
fractive index is incorporated in the waveguide, so that light is reflected by 
Bragg reflection. Laser emission occurs near the Bragg wavelength 7 B ragg that is 
related to the modulation period of the DFB resonator A by the effective refractive 
index n e ff of the gain material and the DFB order number m (m = 1,2,...): 

^Bragg = 2n e ffA/m (12.2) 

The laser threshold g t h depends on the length of grating section L and the cou¬ 
pling between the electromagnetic wave and the grating, expressed by the DFB 
coupling coefficient k: [108] 

g th ^ ^ (12.3) 

For m = 1, first-order DFB operation is obtained. The laser radiation is observed 
from the sample edge in this case. For a second-order DFB resonator (m = 2), 
laser radiation is also emitted perpendicular to the sample surface. This part of 
the emission does not participate in the feedback of the laser process and acts 
as radiation loss. Therefore lower coupling coefficients k and higher threshold 
energy values are expected for second- and higher-order DFB lasers compared 
to first-order DFB structures. 


12.3 

Low-threshold Organic Lasing 

This section presents some recent results for optically pumped organic DFB 
lasers with low-thresholds and large tuning ranges. Properties of first- and 
second-order DFB lasers using various organic materials are compared and dis¬ 
cussed. 

12.3.1 

Tunable Organic Lasers Based on C-H Systems Incorporating DCM and DCM2 
Molecules 

One possibility to realize low-threshold organic solid-state lasers is to utilize guest- 
host systems. In the following this is demonstrated for the example of DCM- and 
DCM2-doped organic semiconductors. As host materials the electron-transport 
material Alq 3 and the hole-conducting materials NPD and CBP are used. 
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Fig. 12.4 Photoluminescence of host materials and absorption spectrum of DCM2 (a), and 
absorption coefficients of the host materials (b). The vertical line indicates the pump wave¬ 
length. 


The energy transfer from the host to the dopant is based on the non radiative 
Forster transfer mechanism depending on the overlap integral of the host photo¬ 
luminescence and the absorption spectrum of the dopand. In Fig. 12.4(a), the 
photoluminescence spectra of the host materials together with the absorption 
spectrum of DCM2 are shown. The spectral overlap integral is maximum in 
the Alq 3 :DCM2 system, followed by NPD:DCM2 and CBP:DCM2. The photolu¬ 
minescence spectra of the doped systems are all red-shifted with respect to the 
host materials indicating an efficient energy transfer from the host to the 
DCM2. The same is valid for DCM molecules as guests. Here, the photolumines¬ 
cence spectrum is slightly blue-shifted with respect to the DCM2 results pres¬ 
ented above. 

Gain measurements on these material systems have shown that optical gain 
can be found in a broad spectral range. Figure 12.5 (a) shows the spectral depen¬ 
dence of the gain coefficient in an Alq 3 :DCM film with a DCM concentration of 
2 wt % corresponding to a volume density Ndcm = 5 X 10 19 cm -3 of DCM mo¬ 
lecules in the film. After a time delay of r = 30 ps a maximum gain coefficient of 
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Fig. 12.5 Optical gain of the G-H system Alq 3 :DCM and laser intensity spectra for various 
layer thicknesses (a), and calculated and measured emission wavelengths (b). 
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700 cm -1 was found at a wavelength of X = 623 nm. The spectral range of optical 
gain spans over 100 nm from 585 nm to 685 nm. From N DC m and the maximum 
gain coefficient a stimulated emission cross section of use ~ 1.3 X 10~ 17 cm 2 is 
calculated. The gain spectrum more or less coincides with the photoluminescence 
spectrum on the long-wavelength side. On the short-wavelength side the gain 
spectrum is truncated by the tail of the residual absorption of the DCM mole¬ 
cules. 

The broad extension of the gain spectrum and the high absolute values of gain 
open up the opportunity of widely tunable organic solid-state lasers. In the follow¬ 
ing, we present two possibilities to tune the laser wavelength of DCM- and 
DCM2-doped organic distributed feedback lasers. The Bragg equation (12.2) sug¬ 
gests that the tuning of the laser wavelength can be achieved by a variation of 
either the effective refractive index of the waveguide or the grating period A. 
Both ways are described in the following. It is well known that the effective refrac¬ 
tive index of the waveguide strongly depends on the thickness of the active medi¬ 
um. Therefore the variation of the thickness of the organic layer can be used to 
tune the laser wavelength [109]. 

The various laser spectra shown in Fig. 12.5 (a) demonstrate that the laser wa¬ 
velength can be tuned over a spectral range of AA^as = 44 nm from 604 nm for a 
120-nm thick film to 648 nm for a 435-nm thick film, respectively. The resulting 
peak positions of the laser emission are plotted versus the film thickness in 
Fig. 12.5 (b). Along with the measured laser wavelengths a curve based on the 
simulation of a planar waveguide structure is shown. The experimental data 
points correspond very well to the calculated curve for increased film thicknesses. 

An alternative method to tune the emission wavelength is based on a grating 
structure comprising several segments with varied grating period [34]. In this con¬ 
text the material systems NPD:DCM2, CBP:DCM2 and Alq 3 :DCM2 have been 
studied. In Fig. 12.6 (a) the photoluminescence spectra of these three G-H systems 
based on DCM2 together with the observed laser wavelengths are shown. In 
NPD:DCM2, CBP:DCM2 and Alq 3 :DCM2 photoluminescence maxima at 
595 nm, 607 and 625 nm are found, respectively. The data for NPD and Alq 3 
agree with previous reports [110]. The red-shift in Alq 3 is caused by the higher po¬ 
larity of the host (dipole moment p = 5.5 D), compared to NPD (dipole moment 
p = 1.5D) as explained by the solid-state solvation effect (SSSE) [35, 111-113]. 
From our measurement it can be concluded that the dipole moment of CBP 
must be between the two other host materials. As the emission in the NPD:DCM2 
system is considerably blue-shifted with respect to the other systems, there is an 
increased overlap with the absorption spectrum of DCM2 leading to an increased 
self-absorption. This self-absorption reduces the material gain of this G-H system 
resulting in a reduced net gain, which leads to only one supported laser line at 
X = 624.4nm at a grating period of 380 nm (see Fig. 12.6 (a)). The adjacent grating 
periods did not support laser activity. A segmented grating has been used with dis¬ 
crete grating periods (AA = 10 nm) corresponding to a wavelength shift of approxi¬ 
mately 12-20 nm, depending on the effective refractive index of the waveguide 
mode. Therefore the tuning range in the NPD:DCM2 could be as large as almost 
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Fig. 12.6 Spectra of second-order DFB lasers and tuning ranges together with the 
corresponding photoluminescence (dashed) spectra, for NPD:DCM2 (a), CBP:DCM2 (b), 
and Alq 3 :DCM2 (c). The absorption spectrum of DCM2 is given as the dotted curve. 

The lasing thresholds of the G-H systems are shown in (d). 


twice the shift without observing laser emission at the adjacent grating segments. 
In the CBP host the PL maximum is red-shifted to 607 nm, located in a region with 
smaller self-absorption of the DCM2 guest. Therefore laser emission in the range 
between 600.4 and 684.9 nm is supported. The largest tuning range was achieved 
in the Alq 3 host. Here, laser activity could be established in the wavelength region 
between 597.8 and 713.1 nm, resulting in a tuning range of 115.3 nm [34]. It is 
worth noting that there is no inorganic semiconductor material known with a simi¬ 
larly broad tuning range in the wavelength region between orange and deep red. 
Typical values of the tuning range of GalnP-AlGalnP red DFB lasers are 12 nm 
[114] with a width of the gain spectra of up to 50 nm [115]. 

Figure 12.4 (b) shows the absorption spectra of the host materials. At the wave¬ 
length of the pump source k]V 2 = 337nm, the absorption in Alq 3 is significantly 
smaller compared to CBP and NPD. Taking into account backreflections from 
the layer interfaces, a fraction of 74% of the pump light is absorbed in a 
350-nm thick layer of Alq 3 . A similar layer of CBP absorbs 98% of the initial 
pump energy whereas a NPD layer absorbs 99 %. In Fig. 12.6 (d), the laser thresh¬ 
olds for different host materials are shown. Here, only the calculated absorbed en¬ 
ergy fractions of the pump pulses are considered. CBP:DCM2 exhibits a mini- 
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mum threshold of 7.5 pj/cm 2 at a wavelength of 628nm. In Alq3:DCM2 the mini¬ 
mum threshold energy density was 8.9pJ/cm 2 at 636 nm. As expected from the 
location of the PL maximum, the threshold energy density in NPD:DCM2 is 
much higher with 383pJ/cm 2 at 624.4 nm. When considering the pump pulse 
length of 500 ps the threshold power intensities can be calculated. The minimum 
values are 15.0kW/cm 2 in CBP, 17.8lcW/cm 2 in Akp, and 766kW/cm 2 in NPD. 

12.3.2 

Spiro-linked Materials and Stilbenes 

Because of their excellent optical properties, spiro-linked materials are a further 
option for low-threshold organic lasers. Among the large variety of possible 
spiro-linked systems particulary the blue-emitting oligophenyl-based spiro mate¬ 
rials are of interest. 

Due to their large sterical expansion, spiro-linked materials allow for the forma¬ 
tion of thin films with improved morphological stabilty. This effect can be seen in 
Fig. 12.7 (a,b). Here, AFM images of the surface of 150-nm thick films of the oli- 
gophenyl p-sexiphenyl and the spiro-linked Spiro-60T on glass substrates are 







Wavelength 


Fig. 12.7 AFM images of the surface morphology of evaporated thin films of p-sexiphenyl 
(a) and Spiro-60T (b) on glass substrates. The scan area was 5X5 pm 2 . Photoluminescence, 
absorption and ASE spectra of the materials are shown in (c, d). 
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shown [51]. The inspected area is 5 X 5 pm 2 in each case. As can be seen, the 
spiro-derivative shows a very planar surface with an RMS of 1.7 nm. In the 
case of the p-sexiphenyl, the surface roughness is considerably larger with an 
RMS value of 12.5 nm. Here, the entire surface is covered with large clusters 
sized between 140 and 200 nm. When calculating the sterical extension of the mo¬ 
lecules, p-sexiphenyl is a slightly twisted chain of six benzene units with a length 
of 27.7 A and a width of 4.9 A. In the spiro-linked molecule the sexiphenyl chain 
undergoes some bending due to the spiro center. Therefore the length is slightly 
reduced to 25.8 A. On the other hand, due to the spiro-linkage the biphenyl group 
is oriented perpendicularly to the sexiphenyl group resulting in a sterical width of 
13.6 A. It is apparent that the molecular structure strongly influences the surface 
morphology. Whereas the small p-sexiphenyl molecules tend to form large clus¬ 
ters, the layer surface of the spiro-derivative is very smooth. Here, the extended 
spiro molecules are effectively preventing recrystallization of the film that implies 
better optical properties [52]. 

The absorption and photoluminescence spectra of both materials are shown in 
Fig. 12.7 (c,d). The luminescence of p-sexiphenyl is very similar to the spectrum 
of the spiro-derivative, only the vibronic sidebands are more pronounced. This 
shows that aside from the improved morphological stability, the spiro-linkage 
merely leaves the optical properties of the chromophore unaltered. 

In Fig. 12.7 (d), an ASE spectrum is shown, which could be observed as signif¬ 
icant spectral narrowing at higher exitation densities in the case of the spiro- 
derivative. In the p-sexiphenyl-film, no spectral narrowing due to stimulated emis¬ 
sion could be observed, most probably due to the microcrystalline structure of the 
film comprising large clusters, which effectively deteriorate the waveguiding 
properties [50]. Absorption due to scattering losses on the cluster interfaces dom¬ 
inates over optical amplification in the material. The recently demonstrated p- sex- 
iphenyl-lasers are based on epitaxially grown active layers with needle-like shape 
and sizes of 1 X 100 pm 2 . The effective domain size was therefore many times 
larger than in our case [46]. 

When preparing solid-state thin films on second-order DFB substrates, Spiro- 
60T can be used as a laser gain material in the deep blue wavelength range 
between 401 and 434 nm [58]. This tuning range can be extended by utilizing 
another spiro-linked material as a dopant in Spiro-60T. Recently, we were able 
to demonstrate the applicability of the stilbene-based Spiro-DPVBi for this pur¬ 
pose [25]. 

The energy transfer from the host material to the dopant is based on the non- 
radiative Forster transfer mechanism and depends on the overlap integral of host 
photoluminescence and dopant absorption spectrum. In Fig. 12.8, the photolumi¬ 
nescence spectrum of the host material Spiro-60T along with the absorption 
spectrum of the guest material Spiro-DPVBi is shown. Although the spectral over¬ 
lap is limited, an energy transfer can be observed when investigating doped thin 
films. Starting with small doping concentrations of 0.05 %, the photolumines¬ 
cence maximum shifts from 448 nm to 474 nm for a 100% doping corresponding 
to the pure guest material similar to the solid-state solvation effect observed in 
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Fig. 12.8 Guest-host system Spiro-60T:Spiro-DPVBi: absorption of guest and photolumines¬ 
cence spectrum of host (a), spectral position of PL and AS E for different doping concentrations (b). 


DCM2-doped organic semiconductors, described above. ASE can be observed 
throughout all investigated doping concentrations. In films with a small doping 
concentration of 0.05 % ASE is observed only due to the host material, indicating 
that the doping concentration is too small for an efficient energy transfer of exci- 
tons from the host to the guest. By increasing the doping concentration to 0.1 %, 
ASE due to both, host and guest, is observed. At a doping concentration of 1.1 %, 
most of the host excitons are transferred to the guest resulting in a vanishing ASE 
and PL of the host. Further increase of the doping concentration red-shifts the 
ASE maximum up to 473 nm for a neat Spiro-DPVBi film. 

In contrast to previously reported solid-state G-H systems this material combi¬ 
nation shows laser emission in neat films of both the pure host and the pure 
guest material. Figure 12.9 (a,b) shows the normalized laser spectra for second- 
order DFB structures with different grating periods for pure Spiro- 60T and 
pure Spiro-DPVBi films. In the latter material, the laser wavelength could be 
tuned over more than 70 nm from 457.8 to 529.3 nm by variation of the grating 
period. The minimum laser threshold energy density in Spiro-DPVBi (26pJ/cm 2 ) 
was smaller than that of the host material Spiro-60T (84pJ/cm 2 ). These values 
can be significantly reduced by using doped thin films of these two materials. 
Regarding the minimum threshold energy density an optimum doping concen¬ 
tration of 1.1% was found. The observed threshold energy values of the sec¬ 
ond-order DFB lasers are displayed in Fig. 12.9 (c). The minimum threshold 
energy density in the doped system was found to be 6pJ/cm 2 at 460 nm. This 
indicates a threshold reduction by a factor 4 compared to the pure guest film 
and a factor 14 in relation to the pure host material. This decrease is caused by 
an efficient energy transfer in the G-H system and a very low self-absorption 
due to the low concentration of guest molecules along with almost no host ab¬ 
sorption in that wavelength region. 

Further threshold reduction is expected for first-order DFB laser operation due 
to reduced waveguide losses compared to second-order DFB lasers. Therefore, 
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Fig. 12.9 PL and second-order DFB laser spectra for different grating periods for neat thin 
films of Spiro-60T (a) Spiro-DPVBi (b). The laser threshold energy densities of the neat guest, 
neat host and an optimized G-H system are compared (c). 


DFB lasers in first-order geometry with the optimum doping concentration of 
1.1% have been fabricated. In Fig. 12.10 (a) the normalized intensity spectra 
for first-order DFB lasers with varying grating periods are shown. Laser emission 
is observed between 478 and 530 nm. Shorter wavelengths were not supported be¬ 
cause grating periods shorter than 140 nm were not available in this research. The 
minimum threshold energy density was measured to be 320 nj/cm 2 at a wave¬ 
length of 478 nm. A further threshold reduction is expected for DFB gratings 
below 140 nm shifting the first-order DFB lasers to the wavelength where a mini¬ 
mum threshold was found in second-order DFB operation (Fig. 12.9 (c)). 

Aside from Spiro-DPVBi other stilbene-based materials can be used as neat 
films or as guest in the host material Spiro-60T resulting in low laser thresholds 
for blue-green emitting organic solid-state lasers. Among these stilbene materi¬ 
als, DPAVB and the similar DPAVBi can be used as green-emitting laser materials 
[116] or as dopant in G-H systems. 
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Fig. 12.10 PL and first-order DFB laser spectra for different grating periods based on a Spiro- 
601 thin-film doped with 1.1% of Spiro-DPVBi (a) and laser characteristics for a sample at a 
wavelength of 478 nm. 


UV-emitting Spiro Materials 

The spectral position of the absorption and photoluminescence of oligophenyl- 
based chromophores is strongly dependent on the chain length. A reduced 
chain length in general implies a shorter emission wavelength. Therefore, 
when aiming at a laser emission below the visible spectral range one can utilize 
quarterphenyl-based chromophores as emitters. Among these materials the spiro- 
linlced Spiro-40 and Spiro-40F are possible gain materials for ultraviolet laser 
emission. 

In Fig. 12.11, the photoluminescence spectra together with laser intensity spec¬ 
tra for second-order DFB lasers based on these quarterphenyl compounds are 
shown. The shape and spectral position of the photoluminescence are very simi- 



(a) 


Wavelength (nm) 


(b) 


Wavelength {nm} 


Fig. 12.11 PL and second-order DFB laser spectra for different grating periods for neat thin 
films of the quarterphenyl based Spiro-40 (a) and Spiro-40F (b). 
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lar in both materials, indicating only weak influence of the a Fluorine substitu¬ 
ents in the case of the Spiro-40F. The emission maximum is found at 391 nm 
in the Spiro-40 and at 387 nm in the Spiro-40F. Depending on the grating pe¬ 
riod of the laser samples, the laser wavelength in the Spiro-40F could be tuned 
between 377.7 nm and 394.8 nm. The material exhibits a minimum pump energy 
threshold density of 62 pj/cm 2 . The tuning range in the Spiro-40 is considerably 
smaller and spans from 381 nm to 389 nm. In addition, the minimum threshold 
energy density is much higher in this material (355 pj/cm 2 ). 


Applications for Optically Pumped Organic Lasers 

At pump energy densities well above threshold the Spiro-40F laser output can be 
increased to a pulse power of 6.8 W. This is easily sufficient to utilize the organic 
UV laser as on excitation source in spectroscopic experiments. To demonstrate 
this possible field of application, solutions containing several fluorescent marker 
dyes have been prepared. Coumarin and Rhodamine dyes are commonly used as 
fluorescent dyes in biomarker spectroscopic applications. The organic laser was 
focused on a cuvette containing the dye solution. To ensure that no scattered 
pump laser light was included in the excitation beam, a 370-nm edge filter was 
placed between the organic laser and the dye cuvette. The above-described streak 
camera setup was used for measuring the photoluminescence spectra of the solu¬ 
tions. When placing the cuvette into the organic laser beam, the fluorescence of 
the dye in the solution is clearly visible. In Fig. 12.12 (a), a photograph of the 
pump experiment with Coumarin 6 is shown. Figure 12.12 (b) shows the mea¬ 
sured photoluminescence spectra of the dye solutions pumped by an organic 
solid-state laser at 382 nm. Whereas for Rhodamine dyes visible excitation wave¬ 
lengths could also be used, most of the Coumarin dyes need a UV excitation wa- 



Fig. 12.12 Photograph of a Coumarin 6 solution excited by the organic laser (a) and photo¬ 
luminescence of the marker dyes Coumarin 152, Coumarin 6 and Rhodamine 6G measured with 
utilization of an organic solid-state laser as excitation source (b). 
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Micromolding 



(a) 

Fig. 12.13 The inset of (a) shows the scheme 
of a very compact all solid-state laser using the 
organic semiconductor film as active medium. 
The pump source is a commercially available 
diode-pumped, Q-switched, frequency-tripled 
Nd:YAG-microchip laser (Uniphase NanoUV- 
355). The organic semiconductor laser can be 
placed directly in front of the pump laser. Thus 
the total length of this very compact solid-state 


<b) 

“dye” laser is less than 10 cm. A photo of 
the setup is shown in the upper part of (a). 
The lower part of (a) shows the input-output 
characteristics at the laser wavelength when 
the beam is focused to a 125 pm diameter 
spot. A micromolding process for the fabri¬ 
cation of low-cost DFB substrates is shown 
in (b). 


velength. This experiments prove the feasibility of using an organic semiconduc¬ 
tor laser as an excitation source. 

For a future mass application in spectroscopy it is necessary to reduce the over¬ 
all system costs. By using a compact pumping source like a diode-pumped fre¬ 
quency-tripled Nd:YAG microchip laser it is possible to simplify the optical sys¬ 
tem. A possible setup is shown in the inset of Fig. 12.13 (a). A diode-pumped pas¬ 
sively Q-switched Nd 3+ :YAG laser with an integrated frequency tripler is used as a 
pump source. The whole optical arrangement has a length of only 10 cm and a 
volume of 70 cm 3 . Fig. 12.13 (a) shows the input-output characteristics of a 
laser utilizing a 300-nm thick AkpiDCM film [109]. The observed laser threshold 
amounts to Ep —2 nj when the pump laser is focused to an excitation spot with a 
diameter of 125 pm. The threshold pump energy is lower by a factor of 50 than 
the maximum pulse energy provided by the compact pump laser. These results 
prove the feasibility of this setup for use with tunable organic lasers. 

The second approach to reduce the system costs is directed towards the sub¬ 
strates. Mass application can be facilitated by microreplication of DFB 
gratings [101]. It has been shown that it is possible to fabricate all plastic sub- 
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strates for organic DFB lasers by various micromolding techniques [32, 117]. For 
example, the cyclic olefin copolymer Topas 5013 has been used for fabrication of a 
flexible low-cost plastic substrate [59]. This material has a low water absorption 
and can act as a water barrier to protect the active organic layers [118]. Silicon sub¬ 
strates structured by e-beam lithograthy act as master gratings in the micromold¬ 
ing process. Topas is drop cast onto the master substrate from a toluene solution 
and may be easily separated from the master after drying [119]. In Fig. 12.13 (b), a 
photograph of the plastic substrate is shown. The different grating periods of the 
sections result in a varying diffracted color in the photograph. 

Organic thin-film lasers with such a plastic substrate and the Spiro compound 
Spiro-40F as active medium have been shown [59]. This demonstrates the 
feasibility of the fabrication of low-cost organic DFB lasers in the UV-wavelength 
region. 


12.4 

Comparison of Organic Laser Properties 

This section gives a comparative overview of the lasing properties of the materials 
shown in Section 12.3 and some of those omitted due to space limitations. The 
most important parameters like spectral position, tuning range and threshold en¬ 
ergy density are summarized in Table 12.1. All samples are based on comparable 
substrates with film thickness in the range between 300 and 350 nm. Besides the 
already-described lasers based on low molecular weight materials conjugated 
polymers are also included in Table 12.1. As can be seen from the tuning ranges, 
it is possible to cover almost the entire visible spectrum from the UV to the deep 
red region with only a small number of active laser materials. For example, 
Fig. 12.14 shows the tuning ranges of the laser materials Spiro-40F and the 
G-H systems Spiro-60T:Spiro-DPVBi, Spiro-60T:DPAVB and Alq 3 :DCM2. A 
further increase of the tuning range is also expected by using multiply doped 
systems. 
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Fig. 12.14 DFB tuning 
ranges of the laser 
materials Spiro-40F, 
and the G-H systems 
Spiro-60T:Spiro-DPVBi, 
Spiro-60T:DPAVB and 
Alq 3 :DCM2. 
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Table 12.1 Comparison of laser properties of small-molecule 
organic materials and conjugated polymers. 

me grating order 

X,pL photoluminescence maximum 

Xase ASE maximum 

X-Laser tuning range 

AXt U ne widths of tuning range 

I t h mm minimum threshold energy density 

I t h mm ,a minimum absorbed threshold energy density 


Organic material 
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X PL 

Xase 
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/ th • 

Ul min 




[nm] 

[nm] 

[nm] 

[nm] 

[nj/cm 2 ] 
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Alq 3 :DCM2 (1.8%) 

2 

640 

624 

598-713 

115 

12 

8.9 

-II- 
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605-703 

98 

2.2 

1.6 

CBP:DCM2 (1.8%) 

2 
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85 

7.6 

7.5 

NPD:DCM2 (1.8%) 

2 
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1) The short end of the tuning range was lim¬ 
ited by the available grating substrates. 


2) A two-dimensional grating has been used in 
this case [85]. 


When comparing the laser threshold energy values it is apparent that the most 
promising candidates for low-threshold operation are guest-host systems. Here, 
the self-absorption of the material matrix is effectively separated from the spectral 
region of the emission. The doped systems containing DCM2 or the stilbene 
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Fig. 12.15 Absorption, photoluminescence and ASE spectrum of MeLPPP (a) and spectrum of 
first-order DFB laser structure and laser characteristic (inset) (b). 


Spiro-DPVBi and DPAVB as guest molecules therefore exhibit very low laser 
thresholds and rather large tuning ranges. Compared to these small molecular 
weight materials, most of the investigated conjugated polymers have larger 
threshold values. Among the low-threshold polymer materials are a few polyfluor- 
enes. With these polymers threshold energy densities below 10 \ij/ cm 2 have been 
demonstrated using 2D photonic-crystal resonators [85]. 

A technological approach to decrease the threshold of DFB lasers is the use of 
first-order grating structures instead of second-order DFB lasers. As can be seen 
in Table 12.1, this experiment was performed with three material systems, two 
low molecular weight based G-H systems and with the conjugated polymer 
MeLPPP. In all cases the laser threshold was reduced significantly - on average 
by a decade. 

In Fig. 12.15 (a), the MeLPPP emission and absorption spectra together with 
the ASE position are shown. Figure 12.15 (b) displays the laser spectra of the 
first-order MeLPPP sample. Two competitive modes have been observed. Both 
of them have the same polarization, indicating the characteristic stop-band for 
an index-modulated distributed feedback laser without phase shift. In the stop- 
band region no lasing is possible due to the destructive interference of the left- 
and right-propagating waves [120]. Due to the increased coupling compared to 
second-order gratings, the stop-band width of the first-order samples was as 
large as 4.1 nm or 20.5 meV, respectively. 


12.5 

Electrically Driven Organic Lasers 

There are several prerequisites for the realization of an electrically driven organic 
laser diode. Aside from a low-threshold active organic material a suitable resona¬ 
tor structure incorporating electrical contacts has to be found. 
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Fig. 12.16 Second-order MeLPPP DFB lasers with electric contacts. Double-logarithmic plot of 
the emitted intensity at the laser wavelength against the excitation density in the active layer. All 
curves are normalized to the intensity at the laser threshold. On the right-hand side schematic 
cross a section of the samples is shown [122]. 


The problem for the optical design is to minimize losses arising from the con¬ 
tact layers, without deteriorating the electrical properties of the device. Thin or¬ 
ganic films are compatible with either slab waveguide lasers or microcavities. Op¬ 
tical losses arise from the penetration of the electric field of the laser mode into 
the absorbing electrodes. Potential anode materials are either ITO or a high work- 
function metal film like Pt or Au. Cathodes typically consist of low work function 
metals or metal alloys, such as Al, Ag, Mg/Ag, or LiF/Al. A recent breakthrough 
in the development of OLEDs proved that ITO covered with a 5-nm thick trans¬ 
parent layer of bathocuproine can serve as efficient electron-injecting electrode 
[16]. Hence, both electrodes can be fabricated either from a metal or ITO. In¬ 
creased charge conductivity due to doping of organic layers with either electron 
donors (for electron-transport materials) or electron acceptors (for hole-transport 
materials) [121] might offer the possibility of waveguide structures with increased 
thickness compared to conventional OLEDs and therefore a better mode confine¬ 
ment. 

Organic lasing in the presence of metallic contacts has been investigated by sev¬ 
eral groups [16, 21, 97, 105, 123]. Recently, a second-order DFB structure based on 
the conjugated polymer MeLPPP has been presented, where the laser threshold 
was only slightly increased due to optical losses incorporated by electrical contacts 
[122]. Figure 12.16 shows a double-logarithmic plot of the input-output character¬ 
istics for three resonator structures: neat MeLPPP (A), Ag/MeLPPP/ITO (B) and 
Ag/MeLPPP/Au (C). Samples B and C are possible OLED structures. Laser emis¬ 
sion was observed in all three samples. Deposition of a 20-nm layer of ITO on top 
of the polymer only slightly raises the laser threshold and does not modify the 
lasing characteristics. ITO introduces only small absorption losses and the thin 
layer does not significantly modify the confinement of the waveguide mode. In 
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Current density (A/crn 3 ) 


Fig. 12.17 Energy structure of an amorphous OLED utilizing a G-H emission layer (a) and 
external quantum efficiency r| ext against current density J together with product term r| ext • J (b). 


contrast, deposition of a thin (10 nm) semitransparent layer of gold as the top 
electrode raises the threshold by a factor of 4 due to strong absorption. 

With regard to the realization of an organic diode laser two issues are worth 
mentioning: Organic semiconductor lasers work in the presence of electric con¬ 
tacts and, what is even more encouraging, the laser threshold is not substantially 
increased. Nevertheless, stimulated emission under electrical excitation has still 
to be demonstrated. 

Optimistic estimates predict that the threshold current densities required 
for lasing action in organic semiconductor lasers might be of the order of 
100 A/cm 2 [16, 21]. Although higher current densities have been demonstrated 
in a number of materials [124, 125], stimulated emission was not observed. In 
fact, values of up to 1 lcA/cm 2 have been realized in organic thin films [126]. 
The current heating of the structures and contacts can be avoided by pulsed op¬ 
eration. The main problem today is the presence of additional nonradiative loss 
mechanisms like polaron absorption when operating OLEDs at high current 
densities [14]. 

In Figure 12.17 (a), a typical amorphous multilayer OLED structure based on 
the G-H system Alq 3 :DCM2 as emitter is shown. Figure 12.17 (b) shows the ex¬ 
ternal quantum efficiency q ext plotted against the current density J when operat¬ 
ing in a pulsed mode. Although the efficiency is decreasing rapidly with the cur¬ 
rent density, the product term q ext • J is still increasing, indicating a growing over¬ 
all light intensity. 

The challenge on the way to the electrically driven organic laser diode is there¬ 
fore to find a laser material with a low-threshold and a quantum efficiency that is 
relatively independent of current density and electric field [14]. 
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In view of the previous sections one can say that organic semiconductor lasers 
have matured considerably over the past few years. More and more organic semi¬ 
conducting gain media, polymers as well as small-molecules, have been devel¬ 
oped and used in thin-film devices. With just a few of these materials it is possible 
to span the entire visible spectral region well into the ultraviolet part. Thus, con¬ 
cerning their spectral tunability organic semiconductor lasers by far outperform 
their inorganic counterparts. Aiming at low laser thresholds, particularly organic 
guest-host systems have become very attractive due to reduced optical quenching 
and low self-absorption. In combination with low-loss resonator geometries, e.g. 
first-order DFB, the laser threshold under optical excitation may be of the order of 
100 W/cm 2 . Diode-pumped, frequency-tripled Nd-YAG microchip lasers have 
been used as compact and cost-effective pump sources. The use of AlInGaN- 
based laser diodes might enable even more attractive pump geometries for organ¬ 
ic lasers in the near future. 

There are a number of applications where it might be favorable to use optically 
driven organic semiconductor lasers without the need for additional processing 
steps. Easy to fabricate and thus cost-effective disposable devices are highly attrac¬ 
tive, tunable laser sources for single-use spectroscopy applications, e.g. in medi¬ 
cine and biotechnology. 

The main scientific challenge, however, is to establish electrically driven organic 
semiconductor lasers, which would be highly attractive for a wide range of appli¬ 
cations. Considering the low-threshold values of organic lasers under optical ex¬ 
citation, this goal seems to be within reach. All the more as we know that organic 
materials are capable of transporting current densities several orders of magni¬ 
tude higher than those applied in OLEDs. Due to waveguiding issues an organic 
semiconductor laser is expected to require an increased overall organic layer thick¬ 
ness. Therefore, highly efficient charge-transporting layers with excellent optical 
properties have to be incorporated into a low-loss waveguide geometry that pro¬ 
vides an optimum overlap of the optical mode with the gain material. At elevated 
carrier densities many organic materials show considerable polaron-induced ab¬ 
sorption. The key issue is to identify materials that require an overall low carrier 
density to provide optical gain and bring about diminished carrier-induced 
quenching phenomena. It is obvious that there are still some open questions 
on the way to the organic laser diode. The solution to each of them might also 
be of benefit for the optimization of OLEDs and other organic optoelectronic de¬ 
vices. In the case of inorganic semiconductors, the research on laser diodes has 
always been the driving force for advances - it might turn out the same way in 
the case of organics. 
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anode materials 389 
anthracene core phenylacetylene 273 
antibonding orbitals 38 
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aromatic units 304 
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atomic transitions 13 
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bias 159 
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bimolecular recombination coefficient 2 
binary blend polymer films 45 
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- calcium/F8BT interfaces 189 

- cesium/F8BT interfaces 194 

- luminescent conjugated polymers 95, 125 

- metal/polymer interfaces 184-214 

- polymer heterojunctions 42, 53 

- ytterbium/F8BT interfaces 198 
biomarking 385 
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- dendrimers 272, 285 

- PBD 346 f 

- spiromaterials 379 
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biphosphonates 220 
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(TPD) 325 

- amorphous materials 249 ff, 257 ff 

- crosslinking 305 

- phosphorescence devices 352 
bisbenzthiazole derivatives 305 
bit rate X distance product 5 
blend thin films 35 
blocking interfaces 165 

blue emission 165 

- amorphous materials 260 

- crosslinking 306 
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- luminescent conjugated polymers 104 

- P8BT 184 ff 

- polymer heterojunctions 58, 70, 81 

- polymer synthesis 223 
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devices 356 ff 
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Boltzmann constant 11, 85 
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bonding orbitals 38 
Born-Oppenheimer approximation 103 
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Bragg reflector 13, 23, 375 ff 
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- hybrid semiconductor nanocrystals 322 

- metal/polymer interfaces 184 f 
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BuEh-PPV 154 

bulk exciton 71 
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calcium electrodes 72, 153, 160 f 
calcium/polymer interfaces 185 f, 188 f, 

196 f 

capture-via-charge injection 36 ff, 60 ff, 87 ff 
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- dendrimers 282 

- organic semiconductor lasers 371, 375 f, 
388 

- phosphorescence devices 334, 353, 360 
carbonyl linkers 268 

carriers see: charge carriers 
cathode materials 160 ff, 321 

- metal/polymer interfaces 183 

- organic semiconductor lasers 389 
cationic ring opening polymerization 

(CROP) 297, 303 ff 
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CdSe/ZnS(CdS) nanocrystals 319 
cesium/polymer interfaces 185 ff, 192 ff 
C-H bonds 130 
chains 215, 223 

- chromophore substitution 237 

- luminescent conjugated polymers 104 
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materials 245-264 
charge capture 54 ff 
charge carriers 1 ff 

- drift mobilities 260 

- luminescent conjugated polymers 95, 

125 ff 

- polymer heterojunctions 66 
charge injection 151-177 

- amorphous materials 245 ff 

- crosslinking 293 ff 

- phosphorescence devices 333 ff, 351 

- polyenes 236 

- polymer heterojunctions 36, 60 ff, 70 

- polymer synthesis 215 

- substituent effects 226 
charge transfer 
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chemical structures 
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- crosslinkable semiconductors 299 

- dendrimers 282 

- F8BT 185 

- iridium dyes 336 f 
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- organic laser materials 370ff 
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- PEDOT 2080 

- polyfluorenes 44 

- polynorbonenes 302 

- radical polymers 301 f 

- trichlorosilanes 310 
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chloroform solutions 46, 67-78, 329 
chromophores 
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- hybrid semiconductor nanocrystals 322 
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- organic semiconductor lasers 372 

- polymer synthesis 237 f 
cinnamate cycloaddition 298 
cis-trans transformations 101 
cladding layers 7 
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color design 151 ff, 168 
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- dendrimers 270-292 

- hybrid semiconductor nanocrystals 319 

- phosphorescence devices 333 ff, 348 f 

- polymer synthesis 215-244 

- semiconductors 4, 22 

color rendering index (CRI) 176, 357 
color temperature 155, 176 
complexation 37 ff 
composites 321 
conducting polymers 181 
conduction band 35, 159, 163 ff 
conformational relaxation 56 
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- crosslinking 293 

- dendrimers 268, 272 ff 

- heterojunctions 35 

- hybrid semiconductor nanocrystals 321 f 
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- photophysics 95-150 

- synthesis 224 
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co-oligomers 308 
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Coulomb interactions 

- hybrid semiconductor nanocrystals 319 
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- polymer heterojunctions 36, 42, 54, 71 
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coupling 96, 105, 230, 375 
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curing 297 
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cyano groups 224 
cycloaddition 298, 313 
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Davidov splitting 153, 266 
defects 174 

- polymer heterojunctions 35 

- polymer synthesis 219 

- semiconductors 7 

deflection spectra, polyfluorenes 47 ff 
degradation 168 
dehydration 310 
delayed emission 50 
delayed fluorescence 127, 140, 286 
delayed photoluminescence 81 
demixed polymer blends 36 ff 
dendrimer light emitting diodes 265-292 
dendrimer oxidiazole 255 
density matrix renormalization group 
theory 101 

density of states (DOS) 140 
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characteristics 353 
depletion depth 158 
deposition techniques 294, 311 
device parameters 155 
Dexter transfer 47 ff, 338, 342 ff 
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dilute solutions 153 
dimers 106, 296 
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diodes 158 
dipole layers 183 f 
dipole-dipole coupling 266 
dipoles 40, 106 

direct band gap inorganic crystals 152 

direct gap semiconductors 6 

dislocations 7 

dispersion 2ff, 111 

displays 151-180, 319 
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- excitons 71 ff, 88, 125 

- polymer heterojunctions 54 f 
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375 

distributed feedback (DFB) lasers 371-396 
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donor-acceptor hetero junctions 40, 44, 86 
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- amorphous materials 248, 260 
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- metal/F8BT interfaces 188 ff, 192 f 

- phosphorescence devices 338 ff, 342 ff 

- spiromaterials 381 
double-layer device 181 ff 
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- organic semiconductor lasers 369-396 
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- semiconductors 20 f 
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effective medium approximation 
(EMA) 139 ff 
efficiencies 162, 171 

- dendrimers 280 

- Yb/CsF cathodes 207 f 
electric-field dependent photoluminescence 

spectra 35 ff 

electrically-driven organic lasers 389 
electrode materials 72, 153 
electroluminescence 152 

- dendritic materials 265, 272 ff 
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- metal/polymer interfaces 181 ff 

- NPB/Alq 3 210 

- polymer heterojunctions 56-94, 83 

- polymer synthesis 215-244 

- PtEoD/PFO 341 
electron acceptors 165 
electron affinity 

- amorphous materials 246 ff 

- hybrid semiconductor nanocrystals 319 

- metal/polymer interfaces 183 

- polymer synthesis 226 
electron conductors 309 
electron dispersion relation 2 
electron-only devices 162 
electron transport 

- amorphous materials 245 f, 254 ff 

- crosslinking 294, 304 

- dendrimers 266, 282 

- hybrid semiconductor nanocrystals 321 f, 
324 f 

- polymer heterojunctions 35 

electron transport layers (ETL) 178, 182, 294, 
370 

electron-electron interactions 95, 130 
electron-hole capture 36ff, 55 f, 87 ff 
electron-hole pairs 117, 127 

- recombination 2, 20 f, 95 ff 
electronic properties 

- dendrimers 267, 274 ff 

- metal/polymer interfaces 182, 188 ff, 198 

- semiconductor polymer 
heterojunctions 35-94 

electronic transitions 97 ff, 130 
electron-lattice interactions 95 
electrophosphorescence devices 333-368 
electroreflection 95 
electrostatic discharge (ESD) 28 
emission-color design 

- dendrimers 270-292 



Index 


401 


- hybrid semiconductor nanocrystals 319 

- phosphorescence devices 333 ff 

- polymer synthesis 215-244 
emission spectra 152 

- luminescent conjugated polymers 96 

- semiconductors 2ff, 13, 154 ff, 370 
emissive layers (EMLs) 

- amorphous materials 246 ff 

- crosslinking 294, 308 ff 

- dendrimers 266 

- metal/polymer interfaces 182 

- organic semiconductor lasers 372 

- phosphorescence devices 333 
encapsulation 27, 63, 72 
end-capping 165 ff 

endothermic energy transfer 58, 61 ff, 70 ff 
energy back transfer 83, 344 f 
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energy gap 95, 387 
energy transfer 

- hybrid semiconductor nanocrystals 322 ff 

- luminescent conjugated polymers 110, 
131 
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- polymer heterojunctions 61, 71 ff 
enhancement spectrum 10 
enthalpy / entropy 39 

epoxy resin encapsulant 27 
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evaporation rate 46 
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- crosslinking 301 

- dendrimers 277 

- luminescent conjugated polymers 106 

- polymer hetero junctions 37 f 
exciplexes 36 ff, 61, 86 
excitations 

- luminescent conjugated polymers 108 

- PFO-fluorenone defect 174 

- PVI< matrix 347 
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- binding energies 95 

- crosslinking 293 

- delayed photoluminescence 81 

- dendrimers 266 ff, 275 ff 

- density of states (EDOS) lllff, 115 ff, 
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- hybrid semiconductor nanocrystals 326 

- luminescent conjugated polymers 110 

- metal/polymer interfaces 182 

- polymer hetero junctions 35 ff 
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extinction spectra 45 
extraction efficiency 2, 15, 19 ff 
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F8 (poly(9,9'-dioctylfluorene) 43-94 
F8:PFB/TFB exciplex 51 f 
F8 BT (poly(9,9' -dioctylfluorene-co- 
benzothiadiazole) 43-94 
F8BT/metal interfaces 185 ff 
Fabry-Perot resonators 8, 371, 374 
fan cooling 28 
Fermi levels 158 ff, 183, 190 
ferrocene 254 
field-effect transistors 35 
films 182, 297 

FIrpic (iridium) dyes 336ff, 344ff, 356ff 
flat-band condition 159 ff 
flip-chip GalnN LED 18 
fluorenes 

- crosslinking 308 ff 

- dendrimers 272 

- metal/polymer interfaces 184 ff 

- polymer synthesis 229 

- thiophene substituent effects 236 
fluorenones 173 f 
fluorescence 1 

- amorphous materials 245 

- doped conjugated polymers 117 ff 

- luminescent conjugated polymers 95-150 

- phosphorescence devices 333 

- polymer heterojunctions 59 

- PPV 114 

Forster mechanism 175 f 

- hybrid semiconductor nanocrystals 322 ff 

- luminescent conjugated polymers 112 ff 

- organic semiconductor lasers 381 

- phosphorescence devices 338 f, 348 ff 
forward bias 159 

Fowler-Northeim mechanism 151 ff, 158 ff, 
163 ff 

fractals 265 
Franck-Condon principle 

- luminescent conjugated polymers 96, 103, 
126 ff, 144 

- polymer heterojunctions 39 
Frechet type poly (aryl ether) 272 
frustrated energy relaxation 142 
full-color emission 169 ff, 174 

- crosslinking 294 ff 

- hybrid semiconductor nanocrystals 319 
full width at half maximum (FWHM) 

- cesium/F8BT interfaces 194 
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- luminescent conjugated polymers 142 

- semiconductors 6 

- gold 186 

functional groups 327, 362 
functional inks 168 

C 

GaAsP semiconductors 1 
gain spectrum, DCM2 377 
Galn/AlGalnP resonant cavity 15 
gap states 35 
gas phase 40 

gate detection techniques 131 
Gaussian density distribution 114, 141 
Gaussian optical spectra 6, 11, 106 
gel-permeation chromatography (GPC) 270 
geminate pairs 71-88, 117, 127 
Gilch polymerization 218 
glass substrate 152 
glass transition 247, 254, 372 
gold electrodes 162, 389 
gold polymer interfaces 201 
grating periods 388 
grazing incidence X-ray diffraction 
(GIXD) 102 
green emission 

- F8BT 185 

- Ir (ppy>3 344 

- iridium dyes 336 

- polymer synthesis 224 

- PVI< based phosphorescence 
devices 346 ff 

Grignard metathesis (GRIM) 232 
ground state complex 37 
group II—VI/III—V nanocrystals 319 
guest-host systems 338ff, 370-396 
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Hagihara-Sonogashira coupling 227 
haloarenes 221, 227 
head-to-tail coupling 227 
heatsink slug 27 
Heck coupling 221, 237 
heterocyclic polysynthesis 233 
heterojunction 1, 35-94 
hexane dithiol 321 
high-efficiency polymers 219 ff 
high-voltage limit 66 
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(HOMO) 166, 176 

- amorphous materials 257 

- crosslinking 306 

- hybrid semiconductor nanocrystals 324 


- luminescent conjugated polymers 96, 106, 
129 

- metal/polymer interfaces 183 f, 190 

- phosphorescence devices 336, 352 

- polymer heterojunctions 38 f, 43 ff, 53, 66 
highly reflective mirrors 2 

hole acceptors 165 
hole blocking layers 165 ff 

- amorphous materials 246 ff, 257 

- phosphorescence devices 346 f 
hole conductors 305 

hole dispersion relation 2 
hole drift mobilities 261 
hole-induced triplet decay 137 
hole injection 35, 159, 293 
hole-only devices 162 f 
hole transport layers (HTL) 178 

- amorphous materials 245 ff 

- crosslinking 294 

- dendrimers 266, 282 

- hybrid semiconductor nanocrystals 321 f, 
324 f 

- metal/polymer interfaces 182 

- phosphorescence devices 361 
homopolymers 153, 235 
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- crosslinking 293 

- dendrimers 266 ff, 276 ff 

- hybrid semiconductor nanocrystals 323 

- luminescent conjugated polymers 139 

- metal/polymer interfaces 182 
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Horner poly condensation 220, 237 
host-guest systems 338 ff, 358 ff 
Huang-Rhys factor 103 ff, 115 f, 96 ff 
hybrid OLEDs 319-332 
hydrolysis 310 
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illuminance 155 
impurities 7, 165, 174 
InAs/ZnS 329 

indirect gap semiconductors 6 
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indium tin oxide (ITO) 152, 160 

- amorphous materials 249 

- crosslinking 293 

- dendrimers 279 

- hybrid semiconductor nanocrystals 321 

- metal/polymer interfaces 182 ff, 185 ff 

- organic semiconductor lasers 389 

- polymer heterojunctions 63, 71 
injection barrier 182 
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injection geometry 16 
ink-jet printing 168 

- crosslinking 294 

- dendrimers 265 f 

- polymer heterojunctions 60 
inorganic semiconductors 1-34 
insulating substrates 17 
intensity 155 

interchain interactions 153 
interchromophoric coupling 102, 276 
interdigitated structures 18 
interfaces 

- metal/polymer 181-214 

- polymer hetero junctions 37, 78 f, 88 
intermediates 216 

intermolecular dendrimer interactions 267, 
274 ff 

intermolecular distance 42 
internal reflection 2, 307 
interstitials 7 

intersystem crossing (ISC) 130, 135, 342 
intrinsic photogeneration 125 f 
iodonium 303 

ionization potential 183, 246 ff 
iridium-based dendritic materials 272 ff, 

283 f 

iridium dyes 336 ff 

- HFP complexes 173 ff 

- Ir(DPF) 3 347 

- Ir(ppy) 3 336 f, 344 ff 
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j 

J-aggregates 102 

joint dispersion relation 4 

Joule heating 70 
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Knoevenagel poly condensation 220, 237 
Kohlrausch-Williams-Watt (KKW) 
function 118 
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ladder type poly(phenylene)s (LPPPs) 

- luminescent conjugated polymers 144 

- phosphorescence devices 333 ff, 343 ff 

- photophysics 101 ff 

- polymer synthesis 228 

see also: methyl substituted- 
Lambertian intensity profile 155 f 
Langevin electron hole recombination 95 ff 
Langmuir-Blodgett technique 298 
large-band gap blue emitting polymers 165 


laser-induced thermal imaging (LITI) 294, 
311 f 

lasers, organic semiconductor 369-396 
lattice atoms 6 
layers 7, 16, 153 

- amorphous materials 246 

- crosslinking 293, 298 ff 

- dendrimers 266 f 

- hole-blocking 165 f 

- luminescent conjugated polymers 102 

- metal/polymer interfaces 181 ff, 196 

- phosphorescence 333 ff 
leakage currents 67 
lifetimes 1 

- excitation states 109 

- luminescent conjugated polymers 126 

- polymer heterojunctions 85 

- semiconductors 9 

- triplet excitons 137 
ligand shells 319 

light-emitting diodes (LEDs) 1-34 ff 
light-to-heat conversion (LTHC) 311 
linewidth 4 
linkers 

- dendrimers 268 ff 

- hybrid semiconductor nanocrystals 321 

- organic semiconductor lasers 372 
liquid-crystal technology 167, 293 
lithium fluoride calcium cathode 351, 389 
lithium/polymer interfaces 185 ff, 196 f 
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localization effect, dendrimers 276 
Lorentzian enhancement spectrum 11 
losses 389 

low-temperature barrier-free capture 62 
lower band gap substrates 2 
lowest unoccupied molecular orbital 
(LUMO) 166, 176 

- amorphous materials 257 

- hybrid semiconductor nanocrystals 323 

- luminescent conjugated polymers 96, 106, 
129 

- metal/polymer interfaces 183 f, 190 

- phosphorescence devices 336, 352 

- polymer heterojunctions 38 f, 43 ff, 53, 66 
low-threshold organic semiconductor 

lasers 369-396 

luminescence 13, 95-150, 155, 161 ff, 177 
luminescence efficiency 156 

- crosslinking 304 

- metal/polymer interfaces 182 

- phosphorescence devices 336 

- semiconductors 22 
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luminescent polymers 166 f 
lumophores 276, 319 

M 

magnesium electrode 160, 321 
magnesium-silver electrode 321, 389 
main chains 237, 296 
matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) 270 
McCullogh crosscoupling 231 f 
McMurry polycondensation 222 
mechanical stress 297 
meta-conjugations, dendrimers 268, 272 
metal-to-ligand charge transfer 
(MLCT) 336 ff 

metal/polymer interfaces 181-214 
metaphenylenes 224 
meta-substitution 285 
metathesis polymerization 216, 222 ff 
methacrylate s 298 ff 
methoxylation 216, 225 
methyl substituted ladder ladder type 
poly(phenylene) (MeLPPP) 

- organic semiconductor lasers 373 

- phosphorescence devices 359 

- luminescent conjugated polymers 99 ff, 
126 

methyltetrahydrofuran (MTHF) 97 ff, 107 ff 
microinjection molding in capillaries 
(MIMIC) 314, 386 
Miller-Abrahams equation 139 
mirror symmetry 97 
mobilities 111, 260 
moieties 295 

molecular complexes/exciplexes 37ff, 40 f 
molecular materials, amorphous 245-264 
momentum 3 
monochromatic spectrum 5 
monochrome displays 167 
monodispersivity 270, 286 
monomer crosslinking 297 
Monte Carlo simulation 139 ff 
morphology dependent exciton 
retrapping 78 ff 
multilayer deposition 294 ff, 311 
multilayer heterojunction structures 36 f 
multilayer white PLEDs 178 
multiple quantum well (MQW) 26 
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n-type contacts 18 

nanocrystal semiconductors 319-3332 
nanometer scale morphologies 86 


naphthalenes 219 
a-/naphthylphenylbiphenyl diamine 
(NPD) 249, 257 ff 

- dendrimers 273 

- hybrid semiconductor nanocrystals 329 

- metal interfaces 208 ff 

- organic semiconductor lasers 371, 375 f, 
388 

near infrared (NIR)-LEDs 328 
network formation 301 ff 

O 

octaethyl-porphine platinum (pPtEOP) 335 

ohmic contacts 16 f 

olefin copolymers 386 

oligo(p-phenylene)s (OPPs) 359 

oligoarylenes 237 

oligofluorenes 344 f, 362 

oligomers 

- crosslinking 293 

- luminescent conjugated polymers 97 ff 

- phosphorescence devices 333 f 
oligophenylenes 

- organic semiconductor lasers 372 

- polymer synthesis 226 

- spiromaterials 379 
oligothiopenes 372 

omnidirectional reflectors (ODRs) 23 ff 

onium compounds 303 

Onsager’s theory 128 

operating voltage 162 

optical fibers 5, 14 

optical gain 376 

optical processes 9, 37ff 

optical properties 155, 297 

optical spectra 1 ff, 106 

see also: luminescence, phosphorescence 
etc. 

optical transfer matrix method 25 
optical triplet generation 145 
optically detected magnetic resonance 
(ODMR) 131 

optically-induced charge carrier 
generation 125 ff 
orbitals 38 

see also: HOMO, LUMO 
organic semiconductor lasers 369-396 
organic solvents processing 321 ff 
orthogonal solvents processing 295 
orthophenylenes 221, 225 
ortho-substituents 224 
oscillator strength 117 ff, 143, 170 
oxetanes 303 
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oxidation potentials 254 
oxidative coupling 229 
oxidiazole derivatives 255, 321 
oxidiazoleylphenylene (OXD) 346 f 
oxyen plasma treated indium tin oxide 63, 71 

P 

p-type contacts 18 
packaging 27 ff 
paraphenylenes 225 
parasitic pertubations 266 
parasitic voltage drops 2 
para-substitution 285 
parity forbidden states 105 
passivation 319 
patterning 311 
pedestal shaped chips 21 
permeability 168 
permittivity, dielectric 95 
PET substrate 152 

PFB (poly(9,9'-dioctylfluorene-co-bis-N,N- 
(4 -butylphenyl) -bis-N,N' -phenyl-1,4 -phenyl - 
enediamine) 43 
P F B: F 8 BT exciplexe s 46 ff 
phase separation 165 

- dendrimers 267 

- polymer heterojunctions 42 
phenyl groups 97, 133, 198 

phenyl substituted poly(phenylene vinylene) 
(PhPPV) 

- doped conjugated polymers 117 

- luminescent conjugated polymers 98 ff, 
109 ff 

- triplet states 135, 137 ff 
phenylacetylene 272, 276 
phenylenes 221 
phonons 108, 111 
phosphorescence 

- amorphous materials 245 

- luminescent conjugated polymers 95-150 
phosphorescence devices 333-368 
photocurrents 71 

photoelectron spectra, metal/polymer 
interfaces 185 ff 
photoemission 36, 54, 125 f, 129 
photoexcitation 342 

photoinduced electron transfer (PET) 304 
photoinduced triplet-triplet absorption 
(PIA) 131 

photoluminescence 153, 171, 220, 319 
photoluminescence spectra 

- CdSe/ZnS 320 

- DCM2 376 


- F8BT 185f 

- InAs/ZnS NCs 329 

- PhPPV 110 

- polyfluorenes 46-94 

- polymer heterojunctions 35-94 

- semiconductors 14 

- sexiphenyl 381 
photoluminescence upconversion 

(PLUC) 72 f 
photometry 155 
photonic crystal structures 7 
photons 2f, 293 
photophysics 

- luminescent conjugated polymers 95-150 

- polymer heterojunctions 35-94 
photopic luminosity 155 
photoresists 312 
photothermal deflection spectra, 

polyfluorenes 47 ff 

photovoltaic behavior, heterojunctions 36 
photovoltaic cells 35 
photovoltaic diodes 44, 71 
jt bands 159 ff, 163 ff 
jt conjugated polymers 

- luminescent 97 ff, 105 ff, 143 

- phosphorescent 333 

- heteroj unctions 35 
pixilated displays 151, 167 ff 
Plancks constant 2, 162 
plastic optical fibers 14 
platinum anodes 389 
platinum-porphyrin 273, 283 
platinum tetraethyl-tetramethylporphyrin 

(PtOX) 354 
p-n junctions If, 17 
point defects 7 
Poisson formula 122 
polarity change 295 
polarons 160 

- calcium/F8BT interfaces 190 

- dendrimers 286 

- luminescent conjugated polymers 95 

- polymer heterojunctions 83 
polyacetylenes 95 
polyaddition 296 

poly(allylamine hydrochloride) (PAH) 327 
polyamidoamine 272 
polyaniline 152, 160 
poly(arylene ethylene) (PAE) 227 
poly(arylene vinylene) (PAV) 215 ff 
polyarylenes 227 ff, 233 
poly(2,7-9,9-bis(2-ethyl)fluorene) (PF2/6) 

98 ff, 112, 132- 144 
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poly (9,9 -bis (2 -ethylhexyl) fluorene- 2,7-diyl) 
(PF2/6) 342 

polycarbonate 119 
polychinoxalin 128 
polycondensation 216, 220 ff, 296 
poly (2 - (6 -cyanomethylheptyloxy) -phenylene) 
(CN-PPP) 328 

poly(9,9-(dihexylfluorenyl-diyl)co-benzothia- 
diazole) (F6BT) 328 
poly(diallyldimethylammonium chloride) 
(PDDA) 328 

poly(9,9'-dioctylfluorene) (F8) 43-94 

poly(9,9'-dioctylfluorene-co-benzothiadiazole) 
(F8BT) 43-94, 184 ff 
poly (9,9' -dioctylfluorene-co-bis-N, N - (4 -butyl- 
phenyl) -bis-N, N' -phenyl-1,4 -phenylene- 
diamine) (PFB) 43 
see also: PFB 

poly (9,9' -dioctylfluorene-co-N- (4 -butylphenyl) - 
diphenylamine) (TFB) 43-94, 71 ff, 76 
see also: TFB 
polyenes 95 

poly(3,4-ethylene dioxythiophene) 

(PEDOT) 160 

- crosslinking 295, 306 

- interfaces 196, 208 

- PEDOT:PSS 63, 176, 250, 324 
poly(fluorene phenylene) copolymers 308 
polyfluorenes (PFOs) 173 ff 

- crosslinking 301, 308 

- dendrimers 286 

- exciplex-to-exciton energy transfer 61 

- heterojunctions 35-94 

- luminescent conjugated polymers 112 ff 

- metal/polymer interfaces 182 f, 184 ff 

- organic semiconductor lasers 372 ff, 388 

- phosphorescence devices 333 ff 

- polymer heterojunctions 86 

- white electrophosphorescent 176 

- ytterbium/F8BT interfaces 199 
polyimides 295 

poly-2,8-indenofluorene (PIF) 132 
polymer backbone 133 
polymer blends 42 ff, 55 f, 71 
polymer electrophosphorescence 
devices 333-368 
polymer hetero junctions 35-94 
polymer hosts/guests 340 ff 
polymer light emitting electrodes 
(PLEDs) 151-185 
polymerization routes 216 ff, 295 
polymers, conjugated luminescent 95-150 
polymethacrylic acid (PMA) 323 


poly (2 -methoxy- 5 - (2 -ethylhexyloxy) -1,4- 
phenylenevinylene) (MEH-PPV) 153 ff, 
161 f, 170 

- dendrimers 266 

- hybrid semiconductor nanocrystals 328 f 

- luminescent conjugated polymers 102 ff 

- organic semiconductor lasers 373, 388 

- phosphorescence devices 348 

- polymer synthesis 215 ff 

- ytterbium/F8BT interfaces 199 
poly(methyl methacrylate) (PMMA) 

encapsulants 29 
polynorbonenes 302 
poly (phenyl phenylene-vinylene) 

(PPPV) 98 ff, 119 
poly (phenylene oxadiazole)s 233 
poly(phenylene)s, photophysics 101 ff 
poly(p-phenylene) (PPP) 

- organic semiconductor lasers 372 ff 

- phosphorescence devices 333 ff 

- polymer synthesis 232 f 

- ytterbium/F8BT interfaces 199 
poly(p-phenylene vinylene) (PPV) 158, 170 

- crosslinking 295 

- dendrimers 266 f 

- hybrid semiconductor nanocrystals 321 ff, 
327 f 

- luminescent conjugated polymers 98 ff, 
114 

- metal/polymer interfaces 184 ff 

- organic semiconductor lasers 372 ff 

- phosphorescence devices 333 ff 

- polymer heterojunctions 35 

- synthesis 215 f, 228 
polypyrrole 160 

poly quinolines 233 
polystyrene 305, 324 
polythiophenes 229, 235 f 
poly(vinylcarbazole) (PVI<) based 

phosphorescence devices 345 ff, 354ff 
poly(vinylcarbazole) sulfonic lithium 
(PVI<-S0 3 Li) 178 
porphyrins 274, 340 
power packaging 27 
precursors 

- crosslinking 295 

- dendrimers 266 

- polymer synthesis 215 ff, 2 32 ff 
printed-circuit board (PCB) 29 
proton generation 304 

pulse radiolysis-induced energy transfer 
131 

pyrene derivatives 308 
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Q 

Q band 336 

quantum confinement 319 
quantum efficiency 1, 153 

- amorphous materials 245 

- crosslinking 298 f 

- dendrimers 279 

- hybrid semiconductor nanocrystals 322 

- phosphorescence devices 333 ff, 346 f 

- polymer heterojunctions 71 

- semiconductors 19 
quantum-well structures 153 
quartz crystal microbalance 187 
quaterphenyl-based spiromaterials 384 f 
quenching 153, 171 

- dendrimers 275, 278 

- luminescent conjugated polymers 129, 
136 

- phosphorescence devices 344 

- polymer hetero junctions 72, 75 
quinodimethane polymerization 216 ff 

R 

radiance 155 

radiative recombination processes 1 
radical polymerization 95, 300 ff, 313 
radiometry 155 
random-walk theory 126 
rare-earth central metals 335 
reabsorption 113 
reactive groups 297 
recombination 1 

- amorphous materials 248 

- electron-hole 95 ff 

- geminate pairs 71 ff 

- hybrid semiconductor nanocrystals 324 

- luminescent conjugated polymers 128 

- nonradiative 6 

- phosphorescence devices 333, 342 ff 

- polymer hetero junctions 44 
red emission 

- excitons 72 

- iridium dyes 336 

- luminescent conjugated polymers 102 

- polymer hetero junctions 46, 58, 61 

- polymer synthesis 223 

- PtOEP 335 ff, 339 ff 

- PVK based phosphorescence 
devices 354 ff 

- semiconductors 4 

red-green-blue emission (RGB) 294, 308, 312 
red-tail aggregate 277 
reductive coupling 229 


reflection 

- crosslinking 307 

- luminescent conjugated polymers 95 

- semiconductors 2, 13, 19, 24 ff 
refractive index 

- organic semiconductor lasers 374 

- phosphorescence devices 333 

- semiconductors 9, 24 
regeneration, heterojunctions 71 ff, 77 ff 
regioregularity 221, 228, 231 f 
relaxation 

- crosslinking 293 

- luminescent conjugated polymers 97, 112 

- phosphorescence devices 334 

- polymer heterojunctions 40, 54 ff 
renormalization group theory 101 
residual gas analyzer (RSG) 186 
resistance, thermal 28 

resonant cavity LEDs (RC-LEDs) 2, 7 ff, 20 
resonators 370, 374ff 
retrapping 78 ff, 83 ff 
reverse photoinduced charge transfer 87 
rhodamine 385 
Rielce crosscoupling 231 f 
ring-opening metathesis polymerization 
(ROMP) 222 f 

roll-to-roll manufacturing 169, 179 

S 

Scheibe-aggregates 102 
Schottky-Mott limit 183 
screw dislocations 7 
self-absorption 370 
semiconductors 152 

- crosslinkable 293-318 

- direct band gap 6 

- inorganic 1-34 

- lasers 369-396 

- nanocrystals 319-332 

- polymer heterojunctions 35-94 
sensitized photogeneration 129 
sexiphenyl 372 ff, 379 f 
shielding dendrimers 275 
Shockley-Read recombination 7 
shrinkage 297, 303 

side chains 153 

- metal/polymer interfaces 185, 199 

- polymer synthesis 223, 238 

- reaction doping 304 
silicone encapsulants 28 
silole derivatives 256 

silver cathodes 162, 321, 389 
silver layers 193, 196 
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silyl chains 215, 224 
single-layer devices 162 f, 324, 359 
singlets 171 

- crosslinking 294 

- luminescent conjugated polymers 95 ff, 
110, 126-137 

- phosphorescence devices 338 
site hopping 139 

site-selectively excited defect emission 105 

sodium/polymer interfaces 185 ff 

solid-state solvation effect (SSSE) 371, 377 

solutions 37-53, 167, 266 

Soret band 335 

spacers 237, 286, 297 

spectral broadening 97 ff, 107 

spectral diffusion 111f, 121 f 

spectral linewidth 4 

spectral position 387 

spectroradiometry 155 

spin coating 153, 167, 215 

- amorphous materials 247 

- crosslinking 294, 297 f 

- heterojunctions 46, 63, 67, 71 

- hybrid semiconductor nanocrystals 325 

- luminescent conjugated polymers 102 

- metal/polymer interfaces 182 f 
spin multiplicity 60, 77, 294 
spin orbit coupling 130, 335 ff 
spirobifluorenes 308 
spirocompounds 247, 372-388 
splitting 102 ff, 145, 153, 266 
spontaneous emission 1, 9 

stability, electroluminescent polymers 239 

stabilization energy, hetrojunctions 38 ff 

stacking 311 

starbursts 266, 270 

Stark shifts 72 

steric effects 104, 223, 379 

Stern-Volmer plots 344 

stilbenes 

- dendrimers 272 

- DPVB/Bi compounds 372 ff, 384 ff 

- organic semiconductor lasers 371 ff, 

379 ff, 388 

stimulated emission 370 
Stokes shift 97, 106 f, 113, 144 
structure-property relationship 223 ff, 234ff, 
267 

substituents 217 ff 

- dendrimers 285 

- emission color tuning 223 ff 
substrate-independent cathodes 207 ff 
substrates 152 


sulfinyl precursors 217 
sulfonium precursors 295, 303 
surface analysis 1, 155 

- dendrimers 269 ff 

- metal/polymer interfaces 185 

- semiconductors 20 

- sexiphenyl 380 

Suzuki poly condensation 230 f, 237 
symmetry 97 
synthetic routes 

- electroluminescent polymers 215-244, 
295 

- hybrid semiconductor nanocrystals 319 

7 

temperature-dependent fluorescence 114 
temperature-dependent luminescence 35 ff, 
57 

temperature-dependent capture 62 
terbium complexes 335 ff 
termed dendrons 268 
tetraarylmethane 247 
tetracene 97 

TFB (9,9'-dioctylfluorene-co-N-(4- 
butylphenyljdiphenylamine) 43-94 
see also: (poly(9,9'-dioctylfluorene-co-N- 
(4 -butylphenyl) diphenylamine) 

TFB:F8BT 49, 71 ff, 76 
thermal activation 59 
thermal phonons 111 
thermal resistance 28 
thermalization distances 78 
thickness dependence, 
electroluminescence 170 
thienyl pyridine platinum (Pt(thpy) 3 ) 354 
thin film transistors (TFTs) 167 
thin films 153, 171 

- crosslinking 297 

- organic semiconductor lasers 379 

- polymer heterojunctions 35 
thin-layer chromatography (TLC) 270 
thioacids 327 

thioamines 327 
thiophenes 226 

time-correlated single photon counting 
(TCSPC) 55, 72 

time-dependent spectral diffusion 111f, 

121 f 

time-resolved emission spectra (TRES) 

48 ff 

time- resolved phosphorescence spectra 343 
time-resolved photoluminescence 
spectra 35 ff 
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Topas olefines 386 
total internal reflection 19 
transient absorption spectra 35 ff 
transition dipole moments 106 
transition metal complexes 

- crosslinking 303 

- dendrimers 267 ff, 272 ff, 283 

- polycoupling 216, 221 ff, 230 f 
transition rate 8, 95 ff 
transmission line model (TLM) 18 
transmittance 10, 55 
transparent anode 293 
transport properties 215 
transporting layers 266 

see also: electron/hole transport layers 
trapping 

- hybrid semiconductor nanocrystals 323 

- phosphorescence devices 339 ff 

- polymer heterojunctions 79 

- semiconductors 19 
triarylamine 247, 305 
triarylbenzenes (TBB) 258 
triarylboranes (TPhB) 259 
triazine 269 

triazole (TAZ) 256 
trichlorosilanes 310 
trifluorovinylethers 296 
trilayer hybrid semiconductor 
nanocrystals 325 
trimers 280 

trinitrofluorene (TNF) 98 ff, 117 ff 
trioctylphosphin (TOPO) 320 
triphenylamine monomers 48 
triphenylene derivatives 300 ff 
triple layers 24, 183 
triplet excitons 171 

- crosslinking 294 

- dendrimers 281 ff 

- hybrid semiconductor nanocrystals 326 

- luminescent conjugated polymers 95,110, 
128-138 ff 

- phosphorescence devices 333, 338 f 

- polymer hetero junctions 60 
tris(2-N-phenylbenzimidazolyl) (TPBI) 282, 

346 f, 256 

tris- (8 -hydroxy quinoline) aluminum 
(Alq 3 ) see: aluminum-tris- 
(8-hydroxy quinoline) 
tris(diphenylamino)benzene (TDAB) 

247 ff 

tris(diphenylamino)phenylbenzene 
(TDPB) 247 ff 


tris (diphenylamino) triphenylamine 
(TDATA) 247 ff 
tris(n-carbozolyl)triphenylamine 
(TCTA) 282, 334 
tris(oligoarylenyl)amine 247, 253 
tris(phenylquinoxaline) (TQP) 256 
tris (methylphenyl (phenyl) aminotriphenyl- 
amine) (MTDATA) 249 
tritolylamine (TTA) 309 
truncated inverted pyramid (TIP) chip 21 
truxene 272 

tunable organic lasers 375, 387 
tunneling, Fowler-Northeim 158 ff 
type II heterojunctions 35 ff, 44ff71, 86 f 

U 

uncertainty principle 108 
UV emission, spiromaterials 384 f 
UV photoelectron spectroscopy (UPS) 185 ff 
UV/VIS spectra 97 ff, 270 

V 

vacancies 7 
vacuum deposition 293 
vacuum level 36, 183 
valence band 35, 159ff, 163 ff 
Vanderzane polymerization 217 f 
vibrational energy 6 
vibronic coupling 105 
vibronic relaxation 334 
vibronic structure 61, 96 
vinyl 269 

vinylbromobenzenes 221 
vinylene 218 
visible spectrum 152 f 
voltage drops 2 

W 

wave number 108 
Wessling-Zimmermann 
polymerization 216 ff 
wet chemical deposition 293 
white electrophosphorescence 176 f, 357 f 
white-line emission 151, 173 ff 
Williamson condensation 238 
window layers 16 
Wittig polycondensation 220, 237 

X 

X-ray photoelectron spectra (XPS) 185-200 
xylene solutions 63 
xylenyl sulfonium salts 216 
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Y Z 

Yamamoto coupling 229, 237 zero bias 159 

yellow emission 223, 296 zero phonon lines 107 

ytterbium/cesium fluoride cathodes 207 ff 
ytterbium/polymer interfaces 187 ff, 197 ff 



